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Nomenclature 
a  packing surface area, m2/m3 
g  gravitational constant, m/s2 
de  equivalent diameter, 4ε/a, m 
D  packing dimension, m 
F  Force, N 
u  superficial velocity, m/s 
s  packing crimp side length, m 
b  packing crimp base length, m 
h  packing crimp height, m 
U  actual velocity after accounting for liquid holdup effect, m/s 
Re  Reynolds number, 
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hL  Liquid holdup, m
3/m3 
j*  Dimensionless fluxes, 
𝜌𝐺
1
2  𝑈
[𝑔 𝐷 (𝜌𝐿− 𝜌𝐺)]
1
2
 
m, c, C1, C2, C3 constants 
 
Greek Letters 
ρ  Density, kg/m3 
µ  Viscosity, Pas 
𝜃  Corrugation angle, Deg 
δ  Liquid film thickness, m 
ε  void fraction of packing 
σ  surface tension, N/m 
 
Subscripts 
L  Liquid phase 
xvi 
 
V  Vapor phase 
Pre  Preloading region 
Load  Loading region 
c  Critical 
A  preloading 
fl  Flooding region 
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 CHAPTER I 
 
 
1. INTRODUCTION 
 
Separation of mixtures into the desired products is necessary in chemical or petrochemical 
industries. Among different separation methods, distillation is most popular because of its simple 
operating principle which is to separate different components based on differences in their boiling 
points [1, 2]. In addition to its simple operating principle, distillation, when compared to other 
separation technologies, has a few distinctive advantages which are summarized below [3]: 
 Distillation has an economic advantage compared to other technologies at large 
throughputs 
 Distillation does not require any mass separating agent other than energy 
 Distillation has been used over the past 100 years, and we know a great deal about 
it, such as its limitations and scaling up from laboratory to industrial scale 
 A huge database of vapor/liquid equilibria is available 
 
  These distinctive advantages made distillation king of separations with an overall 
throughput of 5.23 billion tons per year [4]. In financial terms, this throughput is valued at 
approximately $2.5 trillion/year, using an average barrel price of $85 [4]. It was estimated that 
simply improving the design of a distillation column would save approximately 20% of the capital 
2 
 
expenditure and 5% of energy usage. Since distillation accounts for almost 3% of all the energy 
consumption in the U.S, even the energy savings are huge [5]. In addition, strict EPA regulations 
are making it difficult to construct new distillation columns, and in turn are encouraging the 
process industries to operate the distillation columns at higher capacities by revamping the existing 
columns [6]. Because of this, there is a constant need for improving the efficiency and capacity of 
column internals. Furthermore, there is a need for accurate models to help design columns that will 
realize the improvement in efficiency and capacity of new columns without compromising on the 
column safety.  
However, the design equations of a distillation column vary depending on the type of internal used. 
The two most popular internals of a distillation column are, 
 Trays 
 Packings 
1.1. Trays 
 
Trays are the oldest and most widely used internals in a distillation column [1]. The main 
objectives of any distillation internal is to provide a large surface area which increases the vapor 
and liquid contact which in turn will improve the mass transfer between the two phases. In trays, 
contact between vapor and liquid phase occurs due to bubbling of vapor phase through the 
continuous liquid phase present on top of the tray.  
  Over the years many different types of trays have come into existence. The most popular 
among them are bubble cap trays (1808), sieve trays (1832), and valve trays (1960) [2]. For these 
trays, a number of researchers developed the overall efficiency models and point efficiency models 
in different regions of operation [7-9]. Even in the flooding region, the amount of work available 
3 
 
for trays is more than any other distillation internals [10].  A more detailed discussion of this work 
on trays can be found elsewhere [1, 2]. 
1.2. Packing 
 
In addition to trays, packings are also another popular internal choice. Packings can be further 
divided into two sub categories: 
 Random packing 
 Structured packing 
1.2.1. Random Packing 
 
Similar to trays, random packings are also used to provide area for vapor and liquid contact. 
However, in packed columns the vapor phase is the continuous phase and the liquid phase is the 
dispersed phase. In a random packed column, packings are dumped into the column and form a 
random structure for the liquid and vapor phases to pass through [2].  
  The main advantage of random packings is their availability in different shapes and sizes. 
In addition, packings can also be manufactured using nonmetals such as ceramics and plastics. 
There has been a lot of advancement in random packings over the years (1830-present) [2], and 
for this reason different random packings were classified into four generations of packings. The 
current and most popular generation is the high capacity random packings which are most popular 
as revamp tools because of their higher capacities [6, 11]. A more detailed discussion on different 
versions of random packings can be found in Kister (1991) [2].  
  After trays, the amount of modeling work is significant for random packings [12-15]. 
Among different random packing models, the Billet [16] model is popular because it includes 
4 
 
liquid holdup term as the main parameter in its pressure drop and mass transfer model, and it also 
accounts for the vapor and liquid flow behavior changes in different regions of operation. 
However, random packings have complex structures, and for this reason, the Billet model relies 
on packing specific constants for model predictions. This often limits the usability of the Billet 
model for new packings.  
 
1.2.2. Structured packings 
 
The necessity for lower pressure drop and higher efficiency led to the development of structured 
packings. In addition, structured packed columns also have higher capacity than trayed columns. 
In structured packed columns, the packing element is arranged in a systematic arrangement which 
causes lower pressure drop. However, without a proper liquid and vapor distributor, it is not 
possible to achieve the desired efficiency and pressure drop of the structured packing. A more 
detailed discussion on liquid maldistribution and its effects can be found in Stichlmair (1987) [17] 
. 
  Similar to random packings, structured packing evolution can be classified into four 
generations. This evolution was summarized in Fig. 1.1. Among different generations of structured 
packings, first and second generations were not popular because of their higher manufacturing 
costs. Still, their efficiency was significantly higher and pressure drop was significantly lower 
compared to trays, so they were mostly used in vacuum or very low pressure operations which 
typically involved thermo sensitive materials. Structured packings, however, became very popular 
from the third generation onward due to the introduction of sheet metal structured packings. The 
use of sheet metal reduced the overall manufacturing costs of structured packings, which caused 
5 
 
them to be competitive with other conventional internals such as trays and random packings. From 
the third generation, the use of structured packing rose to the point where it became the most 
popular internal choice. Due to the continuous requirement for higher capacity, new fourth 
generation packings were introduced into the market. These packings have lower resistance to 
vapor flow which caused these packings to have higher capacity with the same efficiency as the 
third generation packings. 
  In the present work, the focus will be on the third generation structured packed columns. 
These structured packed columns can be modeled either with the equilibrium stage model or with 
the non-equilibrium stage model [2]. Among these models, the equilibrium stage model is most 
popular and most widely used because of its simplicity. In the equilibrium stage approach, a 
column is divided into a number of equilibrium stages and it is assumed that vapor and liquid 
leaving each stage are in thermodynamic equilibrium. However, this approach is far from reality 
since theoretical stages are converted into actual packing height using the concept of HETP. These 
equilibrium concepts are adequate for a binary system, but do not do a good job for 
multicomponent systems. 
  In order to properly model multicomponent and non-ideal systems, a non-equilibrium 
model or rate-based approach was developed [18-20]. In this approach, thermodynamic 
equilibrium is only assumed at the interface between the vapor and liquid phases. Rate equations 
can be used to calculate the rate of mass and energy transfer from interface to the bulk phases of a 
non-equilibrium stage. 
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Panapak 
First Generation (1940) 
Second Generation (1950 - 1970) 
Sulzer BX Goodloe 
Third Generation (1970 - Present) 
Mellapak 250Y Flexipac Gempak Montz B1 
Fourth Generation or High Capacity (1990- Present) 
Mellapak Plus 
Figure 1.1. Different generations of structured packings 
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 But for both equilibrium and non-equilibrium modeling approaches, hydraulic and mass 
transfer equations are necessary. The design equations necessary for a structured packed column 
are 
 Hydraulic equations 
o Liquid Holdup 
o Pressure drop 
o Flooding velocity  
 Mass transfer equations 
o HETP (kG, kL, ae) 
Various researchers [16, 21-25] developed different models for both hydraulic and mass transfer 
taking place inside a structured packed column. However, a majority of these models were either 
adopted from random packed column models or restricted to the preloading region. In addition, a 
majority of these researchers did not develop a proper liquid holdup model for different regions of 
operation. Without a proper liquid holdup model, it will not be possible to develop a good pressure 
drop and mass transfer model, since both pressure drop and mass transfer behavior is effected by 
liquid holdup. In addition to a good liquid holdup model, good models are also necessary to 
properly identify different regions of operation in a structured packed column. The limited 
modeling work in the loading and flooding region was especially limiting the overall 
understanding of the structured packing.  
  The best example of a model which uses liquid holdup as a principle component in pressure 
drop and mass transfer model development is the Billet random packed model. However, a major 
limitation of this model is its dependency on packing specific constants for model predictions. So 
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models similar to the Billet model are necessary for structured packing without any of the Billet 
model’s limitations.   
  From the previous discussion, it can be observed that structured packing is a relatively new 
technology compared to trays and random packings. Therefore, the amount of experimental and 
modeling work is limited compared to other internals. So there is a clear need for liquid holdup 
model in different regions of operation, a loading point model and a flooding point model for a 
structured packed column before developing any other models. In addition to the above discussed 
gaps, the American Institute of Chemical Engineers in conjunction with the US Department of 
Energy recently published Vision 2020: 2000 Separations Roadmap [26]. In this document, a 
discussion on the technical barriers and research needs for various separation technologies were 
addressed. Prominent barriers and research needs addressed are as follows:  
1. The need for a better understanding of mass transfer and multiphase flow in both trayed 
and packed columns 
2. The need of database for mass transfer and hydrodynamic data 
3. The need of better understanding of basic distillation phenomena 
4. The need for developing a fundamentals-based model for predicting mass transfer and 
hydrodynamics in complex systems 
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1.3. Objectives of the present work 
 
 Develop liquid holdup models for different regions of operation which can be used to 
improve pressure drop and mass transfer models in different regions 
 Develop databases for liquid holdup, pressure drop, and HETP test data from the open 
literature 
 Develop a load point model and a flooding velocity model to clearly identify different 
regions of operations which will help in understanding the complex flow behavior taking 
place in a distillation column 
 
1.4. Chapter Organization 
 
Structured packing column operation can be divided into three regions of operation. They are 
 Preloading region 
 Loading region 
 Flooding region 
The current thesis is also divided into three chapters 
Chapter 1: Summarizes the liquid holdup behavior in the preloading region and the preloading 
liquid holdup model development 
Chapter 2: Summarizes the liquid holdup behavior in the loading region and model development 
for both liquid holdup and load point in the loading region 
10 
 
Chapter 3: Summarizes the liquid holdup behavior in the flooding region and model development 
for both liquid holdup and flooding velocity in the flooding region 
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CHAPTER II 
 
 
2. DEVELOPMENT AND EVALUATION OF LIQUID HOLDUP MODELS IN 
PRELOADING REGION FOR A SHEET METAL STRUCTURED PACKING. 
PART I 
 
Abstract:  
 
Liquid holdup model is one of the important hydraulic design equations for a sheet metal structured 
packed column. In addition, liquid holdup is also an important model parameter for developing 
pressure drop, mass transfer, and flooding velocity models for structured packing. Therefore, 
numerous researchers have developed various theoretical models for liquid holdup. However, 
majority of these models rely on packing specific constants and packing dimensions for model 
predictions. But this information was not readily available for many structured packings. So in the 
current work, new preloading liquid holdup model was developed using packing surface area and 
void fraction as main model parameters. The performance of the newly developed model and other 
literature models were evaluated and summarized using experimental liquid holdup database 
obtained from the open literature. The newly developed model did a better job in reducing the 
offset between experimental data and in capturing the overall effect of flow rate, liquid properties, 
and packing geometry on liquid holdup. The gaps in the existing experimental data were discussed. 
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2.1.  Introduction 
 
 
 Structured packings have been gaining popularity among internals for distillation and 
other separation equipment in industry [2, 27-29]. Despite having high mass transfer efficiency 
and low pressure drop, structured packings are associated with high cost per unit volume compared 
to other internals such as random packings [30]. Therefore the improvisation of structured packed 
column design is of great importance to reduce the capital and operating costs. This is necessary 
for the evaluation of hydraulic models such as liquid holdup, pressure drop, and flooding capacity, 
as well as for mass transfer models such as HETP that affect the design of a structured packed 
column. Although, both hydraulic and mass transfer models are equally important in the design of 
a structured packed column, evaluating all these models at one time is highly improbable, so, a 
step-wise evaluation was adopted.  In the present study, liquid holdup models were evaluated. 
Liquid holdup is a hydrodynamic property and can be classified as static and dynamic.  The 
static liquid holdup accounts for the liquid accumulated in the dead zones and will not be 
influenced by vapor and liquid flow rates. The static liquid holdup does not change significantly 
over the course of operation and does not participate in the mass transfer operation, whereas the 
dynamic liquid holdup actively participates in the mass transfer operation and will be influenced 
by both the liquid and vapor loads. The total liquid holdup in the column is the sum of these two 
liquid holdups which can be expressed using equation 2.1. 
ℎ𝐿,𝑡𝑜𝑡 = ℎ𝐿,𝑠𝑡𝑎𝑡 + ℎ𝐿,𝑑𝑦𝑛                                                              (2.1) 
 
The liquid holdup model estimates total liquid holdup during the operation of the column, and this 
will help in estimating the support required for the column at the desired operating conditions [31]. 
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Apart from using the liquid holdup model as a design equation, a number of researchers also used 
it as a key parameter in pressure drop and mass transfer models [21, 25, 32]. So a good liquid 
holdup model not only improves the design of the column, but also improves the performance of 
other models. A brief discussion of the literature liquid holdup models were presented below.  
In order to design the structured packed columns, researchers such as Billet (1999) and 
Mackowiak (1991), adopted liquid hold model which was developed for random packings. The 
geometry of structured packings, however, differs greatly from random packings, thereby causing 
the existing models to give inaccurate results. To account for these variations, researchers 
incorporated packing specific constants into the model. However, the packing specific constants 
are available only for a few types of packings which limit applicability of the model to new 
packings. In an effort to develop a separate liquid holdup model for sheet metal structured packing, 
SRP (Rocha (1993)) used the concept of effective gravity that accounts for the forces affecting the 
flow of liquid film on the structured packing. Their liquid holdup model for structured packing is 
an implicit equation which requires iterations to obtain both liquid holdup and pressure drop 
simultaneously. Followed by SRP, Olujic (1997) [25, 33-35] came up with the Delft model. This 
model assumes the packed column to be completely wetted so that the total liquid holdup is a 
product of specific surface area and the average liquid film thickness. The Delft model accounts 
for the variations in different packings by incorporating dimensions of the packing into the model. 
Similar to Delft model, Valenz (2010), Pondebat (1992), and Macias (1999) models were few other 
literature models which were relying on packing dimensions to account for variations in different 
packing. But often these dimensions are not reported by the packing manufacturers to protect their 
intellectual property. Apart from these popular models, Alix (2008), and Spiegel (1992) were 
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researchers who came up with an empirical model using experimental liquid holdup data. A full 
summary of these models is available in appendix A. 
The performance of the literature liquid holdup models were evaluated using the literature 
experimental database assembled from the open literature (please refer Table 2.2 and Appendix 
A). The literature model performance was clearly limited by relying on packing specific constants 
and packing dimensions. In addition, literature models were not accounting for the liquid load 
effect at really high liquid load rates. These shortcomings of the literature models show a clear 
need of liquid holdup model in the preloading region developed using the packing geometric 
surface area and void fraction as the main model parameters. 
 
2.2. Model Development 
 
 
A counter current structured packed column operation can be classified into three regions 
of operation using two transition points (AA’ and BB’) (Fig. 2.1). These three different regions 
explain the change in hydrodynamic behavior of the column with increase in vapor and liquid flow 
rates. A more detailed discussion on the hydrodynamic behavior of the column at preloading was 
summarized below: 
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 Preloading Region 
 
   In the preloading region, liquid flows freely onto the structured packing without 
any influence from the counter current vapor flow. Therefore, the liquid holdup is only a 
function of liquid film formed on the structured packing surface, which again is a function 
of liquid properties and the liquid flow behavior. Therefore, we hypothesized that 
identifying a good film thickness model which accounts for the variation in liquid 
properties and liquid flow behavior on a flat plate is necessary to develop a structured 
packing liquid holdup model in the preloading region. Also, flat plate can be correlated 
with structured packing, since the latter one is a collection of plates packed together to 
promote film flow. 
  Nusselt [36] film theory is the most popular model among the existing film 
thickness models. This model was developed based on the assumptions of laminar flow 
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Figure 2.1. Experimental liquid holdup data in different regions of operation (Sulzer 
Mellpak 250X data at different liquid flow rates, air/water, 1 bar [31]) 
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and no wave formation on the film surface. The final form of the model is shown in 
equation 2.2 
𝛿 = (
3µ𝐿
2 𝑅𝑒
4 𝜌2 𝑔 sin 𝜃
)
1
3
                                                             (2.2) 
  Zhou [37] and Lel [38] experimentally measured the thickness of the liquid film on 
a flat plate over a wide range of flow rates and showed that the experimental data agreed 
well with the performance of the Nusselt model at low liquid flow rates (i.e. in laminar 
region). However, the model underpredicts the film thickness at higher liquid flow rates 
(i.e. in turbulent region). Therefore, a modified form of Nusselt model was proposed by 
Zhou [37] and Lel [38], which has been estimating the film thickness over a wide range of 
flow rates without any underpredictions. The final form of the model proposed by Zhou 
and Lel is shown in equation 2.3. 
𝛿 = 𝐶1 𝑅𝑒
𝐶2  (
µ𝐿
2 
 𝜌2 𝑔 sin 𝜃
)
1
3
                                            (2.3) 
Where C2 = 0.45, calculated from experimental film thickness data, which shows the strong 
dependence of film thickness on the liquid flow rate.   
𝑅𝑒 =
𝐷 𝜌𝐿𝑢𝐿
𝜇𝐿
                                                                       (2.4) 
  In the Reynolds number, term D corresponds to side dimension of the packing, 
which is not often disclosed by the packing manufacturers to protect their intellectual 
property. Compared to the packing dimensions (D), packing surface area (a), which can be 
calculated using equation 2.5, is readily available from the manufacturers. So in the present 
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study, packing dimension has been replaced with packing surface area (a) in the modified 
Reynolds number equation (Equation 2.6), which in turn modifies liquid film thickness 
model (Equation 2.7).  
𝑎 =
4 𝑠
𝑏ℎ
                                                                              (2.5) 
 𝑅𝑒𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = 
 𝜌𝐿𝑢𝐿
𝑎 𝜇𝐿
                                                                  (2.6) 
𝛿 = 𝐶1 𝑅𝑒𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑
𝐶2  (
µ𝐿
2 
 𝜌2 𝑔 sin 𝜃
)
1
3
                                            (2.7) 
  To develop a new liquid holdup equation for the preloading region, the modified 
liquid film thickness model over a flat plate (Equation 2.7) was adopted to the structured 
packing by multiplying with packing surface area (a) and dividing with metal surface area 
(1 − 𝜀’) available for wetting to account for the entire structured packing area and void 
fraction, respectively.  After including these terms, regressing the equation using 
experimental preloading liquid holdup data obtained from literature database gives the final 
liquid holdup model for the preloading region (Equation 2.8)  
ℎ𝐿,𝑝𝑟𝑒𝑙𝑜𝑎𝑑 =0.114 
a1.23 Re0.41
(1-ε)0.28
 (
µ
L
2  
 ρ2 g sin θ
)
1
3
                                                    (2.8) 
The different exponent of 0.41 for Reynolds number compared to the Zhou model can be 
attributed to the different form of Reynolds number used in the newly developed liquid 
holdup model. 
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  From now onwards, the newly developed preloading liquid holdup model (equation 
2.8) will be referred to as the “OkState preload model”. 
  
2.3. Literature Database 
 
  To validate the performance of the newly developed liquid holdup models along with other 
liquid holdup models available in the literature, a huge database of liquid holdup data was 
assembled from the open literature in all three regions of operation. Data collected from the 
literature was at atmospheric conditions with air/water as the test system, except in the case of 
Zakeri’s [39] experimental data. In addition to the air/water system, Zakeri added 30 wt. % MEA 
and sucrose as additives to the air/water system to study the effect of viscosity on liquid holdup. 
The assembled database also consisted of a wide range of operating conditions with liquid 
velocities varying between 0.8 mm/s to 48.6 mm/s, vapor velocities varying between 0 m/s to 4.65 
m/s, and viscosities varying between 1 cp to 12 cp.  
  The assembled database was divided into three sub databases depending on the source. 
Each sub database was briefly summarized below: 
 Sulzer database was created using the experimental tests conducted on Mellapak packings 
at atmospheric pressure using the air/water test system in a 1 m diameter simulation column 
[31]. The obtained experimental data was used in developing the Suess and Spiegel 
empirical model [31].  
 Delft database was obtained on Montz B1-250 packing tested using a 0.45 m diameter 
column [40]. This data was used in improving the performance of Delft and SRP models 
[40].  
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 Zakeri database was developed using Flexipac 2Y and Montz B1-250M packings using 
Air/Water, Air/Water/Sucrose, and Air/Water/MEA systems measured in a 0.5 m diameter 
column [39] to evaluate the effect of viscosity on liquid holdup.  
The above three sub databases were further divided into three different regions of operation 
according to the flow behavior. 
Region 1 (Preloading): Liquid holdup data does not change with increasing vapor flow rate 
  Region 2 (Loading) and region 3 (Flooding) data were omitted intentionally from the 
present article and will be presented in subsequent articles. Summary of the literature data at 
preloading region was presented in Table 2.1. Apart from the data summarized in Table 2.1, some 
more data [21] was collected from the literature and summarized in Appendix B. This data was 
omitted from the main work due to the lack of packing surface area information. 
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Table 2.1. Summary of the assembled literature database 
Database Packing 
Packing area,  Void h, 
mm 
b, mm s, mm 
Preloading 
Data Points 
Diameter, 
m 
System 
m2/m3  fraction, ε 
TU Delft 
[40] 
Montz B1-250.45 244 98.0 12.00 22.50 16.45           16 
0.45 Air/Water 
Montz B1-250.60 245 97.8 12.00 22.30 16.45           17 
Sulzer [31] 
Mellapak 250X 250 98.0 12.00 24.10 17.00           16 
1.00 Air/Water Mellapak 250Y 250 97.5 11.94 24.13 17.00           18 
Mellapak 500Y 500 97.5 6.53 9.60 8.10           17 
Zakeri [39] 
Flexipac 2Y 223 98.9     NA         NA         NA           51 
0.5 
Air/Water 
Montz B1-250M 250 98.0 11.60 20.00 14.50           52 Air/Water/Sucrose 
Total Points                   187   Air/Water/MEA 
 
 
Table 2.2. Performance summary of literature liquid holdup model predictions using literature experimental liquid holdup data in the 
preloading region 
Database Packing 
Mean Absolute Relative Error, % 
OkState Model 
(Eqn. 2.8) 
Alix 
[41] 
Billet 
[16] 
Delft 
[33] 
Mackowiak 
[42] 
Spiegel 
[31] 
SRP 
[21] 
Stichlmair 
[43] 
Valenz 
[44] 
TU Delft [40] 
Montz B1-250.45 3.6 11.0 NA 6.9 16.9 9.5 43.1 25.9 12.3 
Montz B1-250.60 5.0 16.8 NA 6.0 12.5 4.9 46.9 22.9 19.5 
Average Deviation 4.3 14.0 NA 6.4 14.6 7.1 45.1 24.4 16.0 
Sulzer [31] 
Mellapak 250X 4.0 28.4 NA 15.9 10.6 8.7 20.2 42.3 16.6 
Mellapak 250Y 5.3 14.1 15.8 15.2 7.1 6.1 27.5 23.3 40.5 
Mellapak 500Y 6.2 53.1 NA 17.0 26.2 8.8 40.4 27.8 46.5 
Average Deviation 5.2 31.6 NA 16.0 14.6 7.8 29.5 30.8 35.0 
Zakeri [39] 
Flexipac 2Y 6.2 30.6 NA   NA 29.1 17.9  NA 37.1      NA 
Montz B1-250M 7.3 32.8 NA 9.1 18.1 7.0 26.5 27.9 35.8 
Average Deviation 6.8 31.7 NA   NA 23.5 12.4  NA 32.5      NA 
 Lowest error for each packing were bolded 
 Billet model error was reported only for the packing with packing specific constants and the ones without them were written as NA 
 For models requiring packing dimension information, error was displayed as NA when the packing dimension information was not 
available 
𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
 𝑋 100 
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2.4. Results and Discussion 
  
 
  As discussed in section 2.1, preloading liquid holdup is a function of the liquid flow rate 
and liquid properties. So in the present paper, the performance of the new OkState preload model 
was evaluated for flow, property and geometry effects (Fig. 2.2, 4-6). Fig. 2.2 shows the parity 
plot of the OkState preload model in the preloading region.  Out of the assembled 187 experimental 
data points, 90% of the points were between ±15% deviation lines. The mean absolute relative 
error (MARE) of the OkState preload model was 6% with a standard deviation of 6%.  These 
results suggest that the newly developed model was accounting for the liquid flow rate effect on 
liquid holdup for a wide range of flow rates (Figs. 2.2). These results also proved that the liquid 
holdup is a function of liquid film formed on the structured packing. Therefore, employing a good 
liquid film thickness model improved the performance of liquid holdup model. These results 
proved the need for measuring the film thickness on a flat plate for systems other than air/water.  
 
Figure 2.2. OkState preload model predictions vs experimental liquid holdup preloading data 
As shown in Fig. 2.3, the Delft liquid holdup model developed based on Nusselt film theory 
was underpredicting the liquid holdup at  high liquid flow rates (Note: typically low liquid holdup 
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values correspond to lower flow rates and high liquid holdup values correspond to higher liquid 
flow rates in the preloading region). These results were consitent with the results observed by  
Zhou [37] and Lel [38] for liquid film thickness model.  Their results showed that Nusselt film 
theory model underpredicts the film thickness at high liquid flow rates. 
 
Figure 2.3. Delft preloading model predictions vs experimental liquid holdup preloading data 
 
  Average prediction error (MARE) of the newly developed OkState preload model and 
other literature models for different packings was summarized in Table 2.2. MARE of  top 
performing model for each packing was bolded. Few literature models were omitted from Table 
2.2 because of their overall MARE of greater than 30%, however,  their parity plots were presented 
in Appendix A. Also, prediction errors for a few models were not reported either due to lack of 
packing specific constants (Billet) or packing dimensions ( Delft, SRP, and Valenz). Apart from 
the packings listed in Table 2.1, prediction errors for packings lacking sufficient packing surface 
area information were attached in Appendix B. Parity plots for the models in Table 2.2 along with 
some other literature models were presented in Appendix A. 
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Fig. 2.4 shows the measured liquid holdup values of Mellapak 250X for the air/water 
system at various liquid flow rates. Liquid flow rates were varied from 25 to 125 m3/m2h.  The 
results showed that with increasing liquid flow rate liquid film thickness increase, thereby 
increasing the liquid holdup. Moreover, the newly developed OkState preload model also behaved 
similar to the experimental results obtained at different flow rates.  
 
Figure 2.4. OkState preload model predictions over a wide liquid flow rates (Sulzer Mellpak 
250X data at different liquid loads, air/water, 1 bar [31]) 
 
In addition to the liquid flow rate, viscosity also has a big impact on the liquid film 
thickness and liquid holdup [20].  Experimental liquid holdup results in the preloading region at 
different viscosities was plotted for the Montz B1-250M packing. Sucrose was used as an additive 
to vary the viscosity of the air/water test system. As shown in Fig. 2.5, the liquid holdup in the 
preloading region increases with increasing viscosity for the experimental results and for the newly 
developed OkState model. Therefore, the OkState preload model was properly accounting for the 
effect of viscosity on the liquid holdup in a sheet metal structured packing. 
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Fig. 2.5. OkState preload model predictions vs experimental liquid holdup preloading data 
obtained for different viscosities (Montz B1-250M, air/water, 1 bar [39]) 
 
In order to study the effect of packing geometry and the corrugation angle on the liquid 
holdup, experimental liquid holdup results obtained by utilizing different packings 250Y, 250X 
and 500Y using the air/water test system for different liquid flow rates were plotted.  The packings 
250Y and 500Y have different packing surface areas, and the effect of each surface area on the 
liquid holdup can be observed from the plot (Fig. 2.6).  At the same liquid flow rate, the liquid 
holdup is directly proportional to the packing surface area. The newly developed OkState preload 
model showed the same performance as experimental results.  
In addition to the area effect, the effect of corrugation angle on the liquid holdup was 
studied using Figs. 2.4 and 2.6. From the literature experimental data which was obtained from a 
few types of packing, the effect of corrugation angle on the liquid holdup was not significant. So 
there is no need of additional corrugation angle term in the newly developed OkState preload 
model and the new model is following the trend of both 250Y and 250X packings. 
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Fig. 2.6. OkState preload model predictions vs experimental liquid holdup data obtained using 
different packing areas at various load rates (Mellapak 250Y and 500Y, air/water, 1 bar 
[31]) 
 
  Overall, the newly developed OkState preload model is accounting for the effect of liquid 
flow rate, liquid properties and packing geometry on the liquid holdup and capturing the 
experimental data behavior. 
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2.5. Conclusion 
 
  New OkState preloading and loading models were developed using packing surface area 
and void fraction as the main parameters, instead of relying on any packing dimensions or packing 
specific constants. Performance of the newly developed OkState models and other literature 
models were quantified using experimental liquid holdup data assembled from the literature. 
Newly developed liquid holdup models are capturing the effects of liquid flow rate, liquid 
properties, and packing geometry variations on liquid holdup. 
  All the available literature experimental data is for the air/water system which limits our 
understanding of liquid holdup behavior for other systems. 
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Example Problem: 
1. An air/water column is being operated at atmospheric conditions using Mellapak 
250Y. Please calculate the preloading liquid holdup when the column has a constant 
liquid flow rate of 32 m3/m2h and vapor flow rates of 1.95 m/s. Please use properties 
below for the calculations: 
 Water Density  =  1000 kg/m3 
 Water Viscosity = 1 cp 
 Air Density  =  1.3 kg/m3 
 Packing Area (a) = 250 m2/m3 
 Void fraction (ε) =  97.5 m3/m3 
 Corrugation angle = 45 
  
Ans: Given, Liquid velocity UL = 0.0089 m /s 
  
 At UG = 1.95 m/s 
From eqn. 2.6, 
𝑅𝑒 =
1000
𝑘𝑔
𝑚3
× 0.0089
𝑚
𝑠
250
𝑚2
𝑚3
× (
1
1000)𝑃𝑎 𝑠
= 35.6 
 
ℎ𝐿,𝑝𝑟𝑒𝑙𝑜𝑎𝑑  =  0.114 
2501.23 35.60.41
(1- (97.5/100))0.28
 (
(
1
1000)
2
 
 10002× 9.81 × sin45
)
1/3
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         = 0.0647 m3/m3 
  Actual experimental liquid holdup = 0.0642 m3/m3 
  Error, % = 𝑎𝑏𝑠 (
0.0647−0.0642
0.0642
) × 100 = 0.7% 
Note: In OkState preload model, if the exponent of the viscosity term [(
µ𝐿
2 
 𝜌2 𝑔 sin𝜃
)
1
3
] is 
approximated as 0.33 instead of (1/3), it reduces the overall performance. 
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CHAPTER III 
 
 
3. DEVELOPMENT AND EVALUATION OF LIQUID HOLDUP AND LOAD 
POINT MODELS IN LOADING REGION FOR A SHEET METAL 
STRUCTURED PACKING. PART II 
Abstract:  
 
Model development for a loading region is a difficult process because of complex vapor and liquid 
flow behaviors compared to preloading and flooding regions. Therefore, only a few loading region 
models were available in literature to estimate liquid holdup and load point. Also, the available 
models were developed with few experimental data points at limited operating conditions, thereby 
affecting their performance. So in the present study, the performance of the literature models was 
validated using 181 experimental liquid holdup and load point data points obtained from the open 
literature over a wide range of operating conditions. The results showed that the literature models 
were not properly accounting for the effect of different thermodynamic and geometrical properties 
on liquid holdup and load point. Therefore, new models were developed to estimate the liquid 
holdup and load point in the loading region of a sheet metal structured packed column. The newly 
developed models were verified using a wide range of experimental database gathered for different 
systems. The mean relative error of model predictions with experimental data for liquid holdup 
and load point was less than 10% and 20%, respectively. In addition, the new models require 
readily available packing geometrical area and void fraction for model predictions instead of 
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confidential packing specific constants or packing crimp dimensions. This criterion of newly 
developed models makes them easy to use with new packings. 
3.1. Introduction 
 
Structured packing is one of the popular internal among different distillation internals because of 
its higher mass transfer efficiency and low pressure drop [2, 23, 27-29]. However, there is less 
amount of  experimental data and model development work available in the literature for structured 
packings compared to trays [2]. Especially there are no models available to account for the liquid 
holdup in the loading region of a structured packed column. This may be either due to the operation 
of all columns typically in the preloading region or complexity to operate in the loading region. 
Unlike the preloading region, in the loading region liquid holdup is affected by both liquid and 
vapor properties as well as their respective flow rates. Very few researchers have  accounted for 
the effect of counter current gas on liquid flow while developing the liquid holdup model for 
structured packing [23]  or liquid film thickness model for flat plate [45, 46] in the loading region. 
However, developing a good liquid holdup model in the loading region will aid in improving the 
performance of pressure drop and other model predictions. Apart from model development, a 
thorough understanding of high mass transfer efficiency in the loading region will aid in 
developing new packings and improving the design of the column. 
   When the operating column transitions from preloading to the loading region, vapor 
flow rate starts to influence the liquid film formed over the packing.  The point where this transition 
occurs is the loading point and this point will be denoted by 𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡  (AA’ in Fig. 3.1). The  
𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 can be defined as the critical point at which the vapor kinetic energy is sufficient to 
destabilize the liquid film and influence the liquid flow. 
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The characteristics listed below can be used to identify the load point: 
 sudden increase in mass transfer efficiency due to liquid back mixing 
 higher liquid holdup which in turn causes higher pressure drop 
Load point from experimental liquid holdup and pressure drop data can be observed in Figs. 3.1 
and 3.2. These plots show the experimental liquid holdup and pressure drop data of Mellapak 250X 
and Montz B1-400 packings respectively. From Figs. 3.1 and 3.2, a clear counter current vapor 
flow effect on both liquid holdup and pressure drop can be observed. However, it is difficult to 
identify the exact location of load point from the limited literature experimental data, so a shaded 
region (AA’BB’) was shown in the figures to show the approximate region with the loading point.  
Verschoof (1999) [40] was the only researcher who developed a model to identify the load 
point. However the major drawbacks of his model was its small experimental database used for 
model development and the model requirement of packing crimp dimensions for model 
predictions. Therefore, when the performance of this model was evaluated using the assembled 
experimental database, the model performance was not satisfactory (Appendix E). Other 
researchers, like Mackowiak [23], used a constant fraction of flood point to define the load point. 
However, this is not a proper way to identify and calculate the load point. Similar to flood point, a 
good model to identify load point is necessary to account for the effect of liquid properties and 
liquid load.  
In addition to the load point model, liquid holdup models were also limited in the loading 
region. Billet (1999) [16], Mackowiak (1991) [42], and SRP (1993) [21] were some researchers 
who tried to predict the liquid holdup in the load region. However, when the performance of these 
models were evaluated using the assembled experimental database, none of the literature models 
were capturing the increasing liquid holdup trend observed in the loading region (Fig. 3.1) 
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(Appendix D). A new liquid holdup model capturing this increasing trend will help in improving 
the predictions of pressure drop in the loading region because liquid holdup effects the pressure 
drop of the column. 
From the above results and observations, there is a clear need of modeling efforts for sheet 
metal structured packing in the loading region. In the present work, a new liquid holdup and load 
point models in the loading region were developed. 
Fig. 3.1. Experimental liquid holdup as a function of gas rate and different liquid flow rates 
showing different regions of operation and an approximated load point region (Sulzer 
Mellpak 250X data at different liquid flow rates [31], air/water, 1 bar) 
 
A 
A' 
B 
A 
Loading point  
‘ Preloading Loading 
B 
B’ 
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Fig. 3.2. Experimental pressure drop data as a function of gas rate and corrugation angle 
showing  different regions of operation and an approximated load point region (Montz 
B1-400.45 and B1-400.60, C6/C7 [47], 1.03 bar, total reflux run)  
 
3.2. Model Development 
 
As explained earlier, a counter current structured packed column operation can be 
classified into preloading and loading regions of operation using the loading point (AA’BB’). In 
the present article the emphasis was given to develop load point and liquid holdup models in the 
loading region: 
3.2.1. Loading Region 
 
Based on the definition of load point, the kinetic energy at load point will be calculated as 
[21], 
 
𝑉𝑎𝑝𝑜𝑟 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 = (
𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡
𝜀 (1 − ℎ𝐿,𝑝𝑟𝑒) sin 𝜃
 √𝜌𝐺)
2
                    (3.1) 
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After the load point, the additional kinetic energy, 
𝑉𝑎𝑝𝑜𝑟 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 −   𝑉𝑎𝑝𝑜𝑟 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 , 
 generated due to the increased vapor flow supports the destabilized liquid film and starts 
to load the column. Since the additional kinetic energy starts loading the column with 
liquid, this region is called the “loading region” [2].  So for the newly developed liquid 
holdup model in the loading region, the additional kinetic energy that is supporting the 
weight of the liquid can be calculated using the equation below. 
 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 = [ (
𝑢𝐺
𝜀 (1−ℎ𝐿,𝑙𝑜𝑎𝑑) sin𝜃
 √𝜌𝐺)
1+
ℎ𝐿,𝑙𝑜𝑎𝑑
ℎ𝐿,𝑝𝑟𝑒
−
 (
𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡
𝜀 (1−ℎ𝐿,𝑝𝑟𝑒) sin𝜃
 √𝜌𝐺)
2
]                       (3.2) 
  In equation 3.2, the first term calculates the kinetic energy at the operating point, 
accounting for the liquid holdup effect on vapor flow [21]. The second term (equation 3.1) 
calculates the kinetic energy continuously utilized to break the newly formed film due to 
the continuous liquid flowing down the column. 
   As discussed earlier, vapor kinetic energy affects the flow of liquid and liquid 
accumulation on the packing. So in the loading region, in addition to the preloading liquid 
hold-up due to the flow of liquid, additional liquid is pushed back and being supported by 
the kinetic energy of the vapor flow. In order to calculate the total liquid holdup in the 
loading region, the additional kinetic energy (Equation 3.2) will be multiplied by kinetic 
energy of the liquid spread on the packing surface area (a) and then added to the preloading 
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liquid holdup. Leading constant and exponents of packing surface area and kinetic energy 
of the liquid were regressed to obtain the final liquid holdup loading model (Equation 3.3).   
 
ℎ𝐿,𝑙𝑜𝑎𝑑 = ℎ𝐿,𝑝𝑟𝑒 + (1.68 10
−6) (𝑢𝐿 √𝜌𝐿)
0.671
 (𝑎)1.15 [ (
𝑢𝐺
𝜀 (1−ℎ𝐿,𝑙𝑜𝑎𝑑) sin𝜃
 √𝜌𝐺)
1+
ℎ𝐿,𝑙𝑜𝑎𝑑
ℎ𝐿,𝑝𝑟𝑒
−
 (
𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡
𝜀 (1−ℎ𝐿,𝑝𝑟𝑒) sin𝜃
 √𝜌𝐺)
2
]                                     (3.3)                                                                     
 Terms in the above equation were summarized below, 
    ℎ𝐿,𝑝𝑟𝑒    =  Preloading liquid holdup calculated using OkState preload 
liquid holdup model or from experimental data 
 (𝑢𝐿 √𝜌𝐿)
𝑐
   =  Liquid kinetic energy distributed over the packing surface 
area ‘a’, opposite to vapor flow and also contributing to the additional film formation on the 
packing 
   (𝑎)𝑐    =  Packing surface area affecting both vapor and liquid flows 
   Equation 3.3, is an implicit equation of liquid holdup because both vapor flow and 
kinetic energy terms are a function of liquid holdup at operating conditions. The only  
information lacking for solving equation 3.3 is the 𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡, which can be obtained either 
using experimental data (present case) or a model [40]. Therefore, a new model to estimate 
𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡  point was presented below, which will be very useful for the liquid holdup 
loading model calculations and in identifying the loading point for any column operation. 
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   The newly developed liquid holdup loading model (equation 3.3) will be referred 
to as the “OkState liquid holdup load model” in this article. 
 
3.2.1.1. Algorithm to solve the OkState liquid holdup load model in the loading 
region 
 
 Rearrange equation 3.3 into the form below 
{ℎ𝐿,𝑝𝑟𝑒 + (1.68 10
−6)(𝑢1 √𝜌𝐿)
0.671
 (𝑎)1.15 [ (
𝑢𝐺
𝜀 (1 − ℎ𝐿,𝑙𝑜𝑎𝑑) sin 𝜃
 √𝜌𝐺)
1+
ℎ𝐿,𝑙𝑜𝑎𝑑
ℎ𝐿,𝑝𝑟𝑒
− (
𝑢𝐺,𝐿𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡
𝜀 (1 − ℎ𝐿,𝑝𝑟𝑒) sin 𝜃
 √𝜌𝐺)
2
]  } − ℎ𝐿,𝑙𝑜𝑎𝑑 = 0                                               (3.4) 
 Take ℎ𝐿,𝑝𝑟𝑒 as initial guess for ℎ𝐿,𝑙𝑜𝑎𝑑   
 Solve equation 3.4 with any line search optimization algorithm such as Golden 
Section with a constraint of ℎ𝐿,𝑙𝑜𝑎𝑑 > ℎ𝐿,𝑝𝑟𝑒 
 
3.2.2. Load Point model 
 
Identification of load point is important to understand the region of operation in distillation 
column. Further, OkState liquid holdup load model predictions were depended on the load 
point (Equation 3.3). Load point is defined as a point at which vapor kinetic energy is equal 
to the liquid film destabilization force. However, there were no models available in the 
literature to estimate the liquid film destabilization force as it was impossible to measure 
such force.  In order to overcome this obstacle, important parameters which might have an 
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effect on the liquid film destabilization force were grouped together to obtain a 
destabilization force model. The final form of the liquid film destabilization force model is 
presented below, 
𝐹𝑑𝑒𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 𝐶1
𝜎𝐶2  ℎ𝐿,𝑝𝑟𝑒
𝐶5  𝜇𝐿
𝐶6
𝜀𝐶5  𝑎𝐶4  (𝑢𝐿 √𝜌𝐿)
𝐶4
                                         (3.5) 
According to load point definition, the destabilization force (equation 3.5) is equal to the 
vapor kinetic energy. Therefore 
𝑈𝐺
2 𝜌𝐺 = 𝐶1
𝜎𝐶2  ℎ𝐿,𝑝𝑟𝑒
𝐶5  𝜇𝐿
𝐶6
𝜀𝐶5  𝑎𝐶4  (𝑢𝐿 √𝜌𝐿)
𝐶4
                                                 (3.6) 
However, the vapor velocity is a function of the liquid holdup present in the column. The 
vapor velocity (𝑈𝐺), can be calculated using equation 3.7. 
𝑈𝐺 =
𝑢𝑔
𝜀(1 − ℎ𝐿.𝑝𝑟𝑒) sin 𝜃
                                                         (3.7) 
Substituting equation 3.7 into equation 3.6 and rearranging, the final expression for the load 
point is 
𝑢𝑔,𝑙𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 = [ 𝐶1
𝜎𝐶2  𝜇𝐿
𝐶6𝑑𝑒
𝐶5
 (𝑢𝐿 √𝜌𝐿)
𝐶4
 ℎ𝐿,𝑝𝑟𝑒
𝐶5
(1 − ℎ𝐿,𝑝𝑟𝑒)
6
sinC7 𝜃
𝜌𝐺
]
1
2
                    (3.8) 
The constants C1-C7 were obtained by regressing the model equation with the literature 
experimental data. The final model equation with the obtained constants is presented below, 
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𝑢𝑔,𝑙𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 = [ 64.6
  𝜎0.5 𝑑𝑒
 𝜇𝐿
0.5 (𝑢𝐿 √𝜌𝐿)
0.5  ℎ𝐿,𝑝𝑟𝑒
0.3
(1 − ℎ𝐿,𝑝𝑟𝑒)
6
sin0.6 𝜃
𝜌𝐺
]
1
2
              (3.9) 
Henceforth, the new load point model will be referred as “OkState Load point model”. 
 
3.3. Literature Database 
 
3.3.1. Liquid holdup database 
 
To validate the performance of OkState liquid holdup load model and to compare with available 
literature liquid holdup models a huge database of liquid holdup experimental data was assembled 
from the open literature in all three regions of operation. However, the data gathered from loading 
region was only presented in the present article. A more detail discussion on the preloading and 
flooding region experimental data can be obtained from our earlier articles [48, 49].  
  In the current work, the database was divided into three sub categories based on the source 
of availability. All the literature experimental data gathered in this study was obtained using an 
air/water test system. However, the data gathered from Zakeri [39] used sucrose and MEA to 
modify the viscosity of the air/water test system between 1cp to 12 cp. In addition to data obtained 
at different viscosities, the literature database also consists of experimental liquid holdup data 
obtained at different vapor and liquid flow rates. A summary of the experimental database was 
presented in Table 3.2. 
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3.3.2. Load point database 
 
A wide database of load point experimental data was obtained from the experimental liquid holdup 
and pressure drop test data from the open literature. A more detailed discussion about these liquid 
holdup and pressure drop databases can be found in our earlier articles [50, 51]. In addition to 
air/water test system, load point database also consisted of cyclohexane/n-heptane, 
cholorbenzene/ethylbenzene, and iso-octane/toluene test systems. A brief summary of the load 
point database was presented in Table 3.1. 
Table 3.1. Variable ranges summarizing the load point database 
Variable Range 
Operating pressure (bar) 0.033  ̶  4.14 
Liquid density (kg/m3)  561  ̶  1850 
Vapor density(kg/m3) 0.14   ̶   13.14 
Liquid velocity (m/s) 0.0008  ̶  0.049 
Vapor velocity (m/s) 0.39  ̶  9.6 
Liquid viscosity (Pa.s) 0.0001  ̶  0.0012 
Vapor viscosity (Pa.s)  0.000006  ̶  0.000181 
Surface tension ( N/m) 0.08  ̶  0.725 
 
  Apart from the data summarized in tables 3.1, 3.2 and 3.3, some experimental data lacking 
sufficient packing geometric information was obtained from the literature. However, these data 
were not utilized for model development and was summarized in Appendix F. 
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Table 3.2. Summary of the assembled literature database 
Database Packing 
Packing area, Void h, 
mm 
b, mm s, mm Loading 
Diameter, 
m 
System 
m2/m3 fraction, ε 
TU Delft 
[40] 
Montz B1-250.45 244 98.0 12.00 22.50 16.45 11 
0.45 Air/Water 
Montz B1-250.60 245 97.8 12.00 22.30 16.45 10 
Sulzer [31] 
Mellapak 250X 250 98.0 12.00 24.10 17.00 22 
1.00 Air/Water Mellapak 250Y 250 97.5 11.94 24.13 17.00 28 
Mellapak 500Y 500 97.5 6.53 9.60 8.10 9 
Zakeri [39] 
Flexipac 2Y 223 98.9 NA NA NA 49 
0.5 
Air/Water 
Montz B1-250M 250 98.0 11.60 20.00 14.50 52 Air/Water/Sucrose 
Total Points      181  Air/Water/MEA 
Table 3.3. Summary of OkState liquid holdup load model and other literature liquid holdup model predictions using literature experimental 
liquid holdup data in loading region 
Database Packing 
Mean Absolute Relative Error, % 
OkState Liquid Holdup Load Model (Eqn. 3.3) 
SRP 
[21] 
Mackowiak 
[42] 
Gualito 
[52] Using Preloading Using Experimental 
Model Predictions Preloading Data 
TU Delft [40] 
Montz B1-250.45 17.8 12.1 48.0 45.4 44.6 
Montz B1-250.60 14.7 13.7 49.0 41.3 50.2 
Average Deviation 16.3 12.8 48.5 43.5 47.3 
Sulzer [31] 
Mellapak 250X 8.3 7.1 21.6 44.3 25.9 
Mellapak 250Y 11.3 5.1 27.9 48.4 31.5 
Mellapak 500Y 6.3 2.8 38.7 47.4 45.4 
Average Deviation 9.4 5.5 27.2 46.7 31.5 
Zakeri [39] 
Flexipac 2Y 6.1 1.9  NA 45.8    NA 
Montz B1-250M 7.0 2.6 27.4 37.9 25.7 
Average Deviation 6.6 2.2  NA 41.7    NA 
 
 Lowest error for each packing were bolded 
 For models requiring packing dimension information, error was displayed as NA where the packing dimension information is not available 
𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
 𝑋 100 
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3.4. Results and Discussion 
 
3.4.1. Loading Model 
 
  The performance of the OkState liquid holdup load model along with other literature liquid 
holdup load models using experimental liquid holdup loading data were summarized in Table 3.3. 
In addition, the best performed model was bolded for each packing. In the table, a few model mean 
absolute relative errors (MARE) were reported as ‘NA’ due to lack of necessary packing dimension 
information for model predictions. 
  Figs. 3.3 and 3.4 show the parity plots of the OkState liquid holdup load model in the 
loading region. To calculate the liquid holdup in the loading region, liquid holdup in the preloading 
region (hl preload term in equation 3.3) has to be calculated first. Preloading liquid holdup can be 
obtained in two ways, either by using the newly developed OkState liquid holdup preload model 
or by using experimental liquid holdup preloading data.  In Figure 3.3, the liquid holdup in the 
loading region was calculated using the newly developed OkState liquid holdup preload model. 
The OkState liquid holdup load model predictions have an overall MARE of 8.7% with a standard 
deviation of 7.4% (Fig. 3.3). More than 85% of the 181 experimental data points fell between the 
± 15 % deviation lines.  In figure 3.4, the loading region liquid holdup was calculated using 
experimental liquid holdup preloading data.  Incorporating preloading experimental data instead 
of the OkState liquid holdup preload model, further reduced the error by 4.2% (i.e. from 8.7 % to 
4.5%). Also, 95% of 181 experimental data points fell in between the ± 15% deviation lines 
compared to 85% data points in the case of the OkState liquid holdup load model predictions 
obtained using the OkState liquid holdup preload model. These results clearly demonstrated the 
advantage of using experimental liquid holdup preloading data compared to the OkState liquid 
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holdup preload model. Therefore it is advised to use experimental preloading data, where 
available, in the OkState liquid holdup load model to significantly improve the overall 
performance.  
 
Fig. 3.3. OkState liquid holdup load model (eqn. 3.3) predictions obtained using OkState liquid 
holdup preload model vs experimental liquid holdup loading data 
 
    
 
Fig 3.4. OkState liquid holdup load model (eqn. 3.3) predictions obtained using experimental 
liquid holdup preloading data vs experimental liquid holdup loading data 
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 In Fig. 3.3 and 3.4, loading model predictions were shown deviating at higher liquid holdup 
values. This is because at this point the column is moving into the flooding region, and it is difficult 
to clearly differentiate the points in the loading region or flooding region. At higher liquid holdup 
values, where the operation of the column was moving from the loading region to the flooding 
region, loading model predictions were under predicting (Figs. 3.3 and 3.4). 
  Loading and preloading region liquid holdup experimental results were plotted for Montz 
B1-250M packing using the air/water/MEA system at 25 m3/m2hr liquid rate and 2.5 cp viscosity 
in Fig. 3.5. The plot shows the increase in liquid holdup with increase in vapor flow rate after the 
load point for both experimental data and the newly developed OkState liquid holdup load model 
predictions. The observed offset (consistent deviation) of the OkState liquid holdup load model 
predictions from experimental data in the loading region was due to the usage of the newly 
developed OkState liquid holdup preload model while calculating the liquid holdup in the loading 
region, thereby transferring the error of the OkState liquid holdup preload model into the OkState 
liquid holdup load model. Fig. 3.5 was reproduced using experimental preloading data while 
calculating the liquid holdup in the loading region (Fig. 3.6). Utilization of experimental data 
nullified the offset between experimental data and OkState liquid holdup load model predictions 
in the loading region.  
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Fig. 3.5. OkState liquid holdup load model (eqn. 3.11) predictions obtained using OkState 
liquid holdup preload model for Montz B1-250M packing using air/water/MEA at 1 
bar, 2.5 cp, and 25 m3/m2h [39] 
 
 
Fig. 3.6. OkState liquid holdup load model (eqn. 3.11) predictions obtained using experimental 
liquid holdup preloading data for Montz B1-250M packing using air/water/MEA at 1 
bar, 2.5 cp, and 25 m3/m2h [39] 
 
  Similar to the preloading model, the performance of the loading model was also evaluated 
for viscosity and liquid load effect. Loading region experimental holdup data was plotted for 
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Montz B1-250M packing using the air/water system at viscosities 2.5 cp, 5.0 cp, and 12.0 cp (Fig. 
3.7). Similar to the results observed in the preloading region, liquid holdup increases with 
increasing the viscosity in the loading region (Fig. 3.7). Moreover, the loading region liquid holdup 
model predictions calculated using experimental preloading data does a better job in reducing the 
offset compared to the OkState liquid holdup load model predictions calculated using the 
preloading model.  
 
Fig. 3.7. OkState liquid holdup load model predictions vs experimental liquid holdup data 
obtained for different viscosities in loading region (Montz B1-250M data, 1 bar 
pressure, air/water [39]) 
 
  In Fig. 3.8, effect of liquid flow rate on liquid holdup in the loading region was evaluated 
using Mellapak 250X packing experimental liquid holdup data for the air/water test system. 
Similar to earlier observations, the OkState liquid holdup load model predictions calculated using 
experimental liquid holdup preloading data were closer to experimental holdup data in the loading 
region. Experimental data for additional packings is necessary to study the corrugation angle and 
packing area effect in the loading region. 
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Fig 3.8. OkState liquid holdup load model predictions over a wide liquid flow rates (Sulzer 
Mellpak 250X data at different liquid loads [31], air/water, 1 bar pressure) 
 
 
 
Fig 3.9. Experimental liquid holdup data for Mellapak 250Y and SRP [21] and Okstate model 
predictions (Mellapak 250Y, liquid load rate 16 m3/m2h, air/water, 1 bar pressure) 
 
  Fig 3.9 shows the experimental liquid holdup data for Mellapak 250Y packing 
tested at atmospheric conditions using an air/water test system. The data was collected at a liquid 
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load rate of 16 m3/m3h. As can be observed from the figure, the predictions of the new OkState 
liquid holdup load model using the OkState liquid holdup preload model were doing a much better 
job in capturing the increasing experimental liquid holdup trend compared to the SRP model. In 
addition, the SRP model predictions were showing a constant offset with the experimental data.  
Overall, the new OkState liquid holdup load model captures the effect of vapor flow rate 
on liquid holdup for many different packings under different operating conditions better than any 
other literature model (Appendix C & D). However, since all the available literature data was for 
an air/water system, this was limiting further improvement of the model.  Therefore, obtaining 
some additional experimental data for other systems will help in understanding the vapor viscosity 
effect on the loading region, as well as improving the currently developed model further. Apart 
from vapor viscosity, liquid surface tension of a system might also have an effect on liquid holdup. 
However, current literature data is not sufficient to identify this effect.  
 
3.4.2. Loading point model 
 
  The performance of the OkState load point model can be observed from the parity plot 
(Fig. 3.10) (Appendix G). The graph showed that the model has a MARE of 18% with a standard 
deviation of 17.2%.  The MARE was calculated using equation 3.10. However, the calculated error 
was not true value due to the lack of exact experimental load point.  
𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑜𝑎𝑑 𝑝𝑜𝑖𝑛𝑡)
 𝑋 100                                (3.10) 
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The identification of exact experimental load point was difficult due to the discrete experimental 
data. In addition to that, the conservative model predictions were showing higher MARE than 
expected in the parity plot. Therefore, to properly evaluate the performance of the OkState load 
point model, individual plots were created for different types of structured packings. These plots 
will help to identify the load point over the operating region, making it easy to evaluate the 
performance of the OkState load point model in capturing the effect of packing and property 
variations. 
  Experimental liquid holdup data collected by Sulzer at atmospheric conditions for 
Mellapak 250X packing was plotted in Fig. 3.11. The data was obtained for air/water test system 
at different liquid load rates. The load points obtained by OkState load point model predictions at 
different liquid load rates were also plotted in Fig. 3.11. The results showed an increase in load 
point with decreasing flow rate, which was expected for liquid load point.  In addition, the model 
predictions were conservative, as explained earlier. 
  Fig. 3.12 shows the experimental pressure drop data for Montz B1-400.45 and B1-400.60 
packings tested at 1.03 bar pressure using the C6/C7 test system under total reflux conditions. 
Similar to Fig. 3.11, the OkState load point model predictions were conservative compared to the 
experimental data. In addition, the new model was successfully capturing the effect of corrugation 
angle on the load point. Fig. 3.12 shows that the OkState model predicted the load point at slightly 
higher vapor velocity for 60° packing compared to 45° packing. This behavior was consistent with 
the behavior observed from experimental data. 
  In addition to the effect of corrugation angle and packing geometric area, the effect of 
viscosity on load point was also evaluated (Fig. 3.13). Experimental load point data obtained from 
Montz B1-250M packing at different viscosities using an air/water test system under atmospheric 
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conditions was plotted in Fig. 3.13. The load point was at lower vapor velocities for higher 
viscosity systems compared to the lower viscosity systems. The new OkState load point model can 
be seen following the same trend as experimental data. 
 
Fig. 3.10. Parity plot of OkState liquid holdup load point model predictions vs experimental 
liquid holdup load point data 
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Fig. 3.11. Liquid holdup Experimental data and OkState load point model predictions for 
Sulzer Mellapak 250 X packings as a function of liquid flow rates and f factor. liquid 
holdup of  (Sulzer Mellpak 250X data at different liquid flow rates [31], air/water, 1 
bar) 
 
 
Fig. 3.12. Experimental pressure drop data as a function of vapor flowrate and corrugation 
angles and OkState load point model predictions (Montz B1-400.45 and B1-400.60, 
C6/C7, 1.03 bar, total reflux run) 
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Fig. 3.13. Experimental liquid holdup data as a function of vapor flowrate and liquid viscosities 
and OkState load point model predictions (Montz B1-250M data, 1 bar pressure, 
air/water, 25 m3/m2hr [39]) 
 
  In addition to the identification of load point, the main reason for developing the OkState 
load point model was to use in the model predictions of OkState liquid holdup load model. So the 
performance of the OkState liquid holdup load model was evaluated by reproducing the parity 
plots 3 and 4 using the OkState load point model predictions instead of using experimental data 
(Fig. 3.14 and 3.15). From the parity plots 3.14 and 3.15, the difference between overall error of 
OkState liquid holdup model predictions obtained by OkState load point model and the 
experimental load point data was less than 1%. The OkState load point model and the OkState 
liquid holdup models can be utilized while developing the models for pressure drop and HETP in 
the loading region of structured packed columns. In addition, both of these models can be further 
improved by collecting additional experimental data in the loading region for different systems 
using various packings. 
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Fig. 3.14. OkState liquid holdup load model (eqn. 3.11) predictions obtained using both 
OkState liquid holdup preload and OkState load point models vs experimental liquid 
holdup loading data 
 
 
 
Fig. 3.15. OkState liquid holdup load model (eqn. 3.11) predictions obtained using both 
experimental liquid holdup preloading data and OkState load point model vs 
experimental liquid holdup loading data 
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3.5. Conclusion 
 
  Anew load point model developed using packing geometric area and void fraction. The 
performance of this new model was better than other load point models available in literature for 
a wide range of operating conditions. Moreover, the newly developed OkState load point model 
was used in model predictions of OkState liquid holdup load model. 
  The newly developed OkState liquid holdup load model relies on readily available packing 
geometrical area and void fraction to capture the experimental trend in the loading region, which 
makes it easier to apply for newly developed packings. In addition, this was the only model in the 
literature capturing the vapor velocity effect on liquid holdup for different packings over a wide 
range of operating conditions with an overall error of less than 10%. However, the experimental 
data utilized in model development was obtained for air/water test system. Further, collecting the 
experimental data from other test systems will help in understanding the effect of surface tension 
and vapor viscosity that in turn helps in refining the model further. 
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Example Problem: 
1. An air/water column is being operated at atmospheric conditions using Mellapak 
250Y. Please calculate the liquid holdup when the column has a constant liquid flow 
rate of 32 m3/m2h and vapor flow rates of 1.95 m/s and 2.81 m/s. The load point for 
the present operating condition is 2.21 m/s. Please use properties below for the 
calculations: 
 Water Density  =  1000 kg/m3 
 Water Viscosity = 1 cp 
 Air Density  =  1.3 kg/m3 
 Packing Area (a) = 250 m2/m3 
 Void fraction (ε) =  97.5 m3/m3 
 Corrugation angle = 45 
  
Ans: Given, Liquid velocity UL = 0.0089 m /s 
 Load point velocity UG, Load point = 2.21 m/s 
 At UG = 1.95 m/s 
Since UG < UG, Load point, the region of operation is preloading. So using eqn. 3.8 
for liquid holdup calculation. 
From eqn. 3.6, 
𝑅𝑒 =
1000
𝑘𝑔
𝑚3
× 0.0089
𝑚
𝑠
250
𝑚2
𝑚3
× (
1
1000)
𝑃𝑎
𝑠
= 35.6 
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ℎ𝐿,𝑝𝑟𝑒𝑙𝑜𝑎𝑑  =  0.114 
2501.23 35.60.41
(1- (97.5/100))0.28
 (
(
1
1000)
2
 
 10002× 9.81 × sin45
)
1/3
 
         = 0.0647 m3/m3 
  Actual experimental liquid holdup = 0.0642 m3/m3 
  Error, % = 𝑎𝑏𝑠 (
0.0647−0.0642
0.0642
) × 100 = 0.7% 
Note: In OkState liquid holdup preload model, if the exponent of the viscosity term 
[(
µ𝐿
2 
 𝜌2 𝑔 sin𝜃
)
1
3
] is approximated as 0.33 instead of (1/3), it reduces the overall performance. 
 
 At UG = 2.81 m/s 
Since UG > UG, Load point, the region of operation is loading. So using eqn. 3.11 
for liquid holdup calculation. But eqn. 3.11 requires preloading liquid holdup, 
since the liquid load rate is constant the preloading liquid holdup also remains 
constant. So preloading liquid holdup calculated at UG of 1.95 m/s can be used 
here, 
From above calculation, 
  ℎ𝐿,𝑝𝑟𝑒𝑙𝑜𝑎𝑑  =  0.0647 m
3/m3 
        From eqn. 3.11, 
ℎ𝐿,𝑙𝑜𝑎𝑑 = 0.0647 + (1.68 10
−6) × (0.0089 × √1000)
0.671
 × (250)1.15  × 
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[
 
 
 
 
 (
2.81
(
97.5
100) (1 − ℎ𝐿,𝑙𝑜𝑎𝑑) sin 45
 √1.3)
1+
ℎ𝐿,𝑙𝑜𝑎𝑑
0.0647
− (
2.21
(
97.5
100) 
(1 − 0.0647) sin 45
 √1.3)
2
]
 
 
 
 
 
Solving the above equation using algorithm from 2.2.1. 
o Rearrange the above equation 
{
 
 
 
 
0.0647 + (1.68 10−6) × (0.0089 × √1000)
0.671
 × (250)1.15  
×  
[
 
 
 
 
 (
2.81
(
97.5
100) (1 − ℎ𝐿,𝑙𝑜𝑎𝑑) sin 45
 √1.3)
1+
ℎ𝐿,𝑙𝑜𝑎𝑑
0.0647
− (
2.21
(
97.5
100) 
(1 − 0.0647) sin 45
 √1.3)
2
]
 
 
 
 
 
}
 
 
 
 
− ℎ𝐿,𝑙𝑜𝑎𝑑 = 0 
o Take initial guess for ℎ𝐿,𝑙𝑜𝑎𝑑 as  ℎ𝐿,𝑝𝑟𝑒𝑙𝑜𝑎𝑑, which is 0.0647 m
3/m3 
o Use excel solver or any line search algorithm by applying a constraint 
ℎ𝐿,𝑙𝑜𝑎𝑑 > ℎ𝐿,𝑝𝑟𝑒 
The final solution is ℎ𝐿,𝑙𝑜𝑎𝑑 = 0.0702 m
3/m3 
Actual experimental liquid holdup = 0.0724 m3/m3 
Error, % = 𝑎𝑏𝑠 (
0.0724−0.0702
0.0724
) × 100 = 3.04% 
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CHAPTER IV 
 
 
4. DEVELOPMENT AND EVALUATION OF LIQUID HOLDUP AND FLOODING 
VELOCITY MODELS TO IDENTIFY FLOODING REGION FOR A SHEET 
METAL STRUCTURED PACKING. PART III 
 
Abstract: 
 
Identification of a flooding is necessary for efficient design and safe operation of the column. 
Flooding can be identified with the help of flooding velocity model, liquid holdup flooding model, 
or pressure drop flooding model developed for the respective packings. In the open literature, only 
few theoretical models were available to identify the flooding for a sheet metal structured packing. 
However, the available models need packing specific constants for model predictions and did not 
account for the effect of corrugation angle. Analyzing the performance of those literature 
theoretical models using the experimental liquid holdup flooding data and flooding velocity data 
has shown a clear necessity for developing new flooding velocity and liquid holdup flooding 
models for a structured packed column. Therefore, new flooding velocity and liquid holdup models 
were developed for sheet metal structured packing in the flooding region using corrugation angle, 
packing surface area, and void fraction as the main model parameters. The most important features 
of the newly developed models were that they did not require any packing specific constants for 
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model predictions. Further, the new models were predicting the experimental database with 
minimum error.  
 
4.1. Introduction 
 
Flooding is one of the most important concepts in countercurrent vapor liquid flow operations [2, 
27, 28, 53]. Flood point signifies the operating limit, and is a necessary term in design of 
equipment. Flood point has not been clearly defined yet for a structured packed column [2].  
However, the most widely used interpretation is:  
  “A point at which sudden loss in mass transfer efficiency and exponential increase in liquid 
holdup and pressure drop occur inside a column.” 
  Fig. 4.1, 4.2, and 4.3 illustrate the flooding region in structured packings for air/water and 
C6/C7 systems using experimental data.  In Fig. 4.1, experimental liquid holdup data was plotted 
against vapor flow rate for Mellapak 250X and 250Y packings. This data showed an exponential 
increase in liquid hold up when the column started to approach flood point. Similarly, experimental 
pressure drop data obtained using Montz B1-250.45 and Montz B1-250.60 was plotted against 
vapor flow rate (Fig. 4.2). Consistent with earlier observations, an exponential increase in pressure 
drop was observed when approaching the flooding region. The loss of efficiency due to the 
exponential increase in liquid holdup and pressure drop can be observed by plotting the HETP data 
obtained at FRI using Mellapak 250Y packing (Fig. 4.3). These observations strongly support the 
above definition for flooding, which is a good approximation of the behavior taking place inside a 
structured packed distillation column at flooding region. 
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Flood point can be identified with the help of a flooding velocity model, a liquid holdup flooding 
model, or a pressure drop flooding model when the vapor velocity, liquid holdup, and pressure 
drop are greater than their respective model predictions. Further, the liquid holdup flooding model 
is also necessary to develop the flooding velocity model, since the latter will be influenced by the 
liquid holdup in the column. In addition, a thorough understanding and identification of flood point 
is necessary to calculate the diameter of the column, since a majority of the columns will be sized 
with an assumption of 70 – 80% flood point operation. Identification of flood point also helps in 
predicting the flow behavior and operation of the column, which in turn improves the overall 
efficiency and the safety of the column. Therefore, in the present work the focus will be on the 
liquid holdup flooding model and flooding velocity model. So a brief discussion of the available 
literature models for liquid holdup and flooding velocity was presented below. 
   
 
Fig. 4.1. Experimental liquid holdup data obtained using Mellapak 250X and 250Y packings, 
air/water, 1bar [31] 
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Fig. 4.2. Experimental pressure drop of packed column operation using the packings Montz 
B1-250.45 and Montz B1-250.60, C6/C7 system, 0.33 bar, and total reflux runs [47] 
 
 
Fig. 4.3. Experimental HETP data measured using industrial sized FRI column for Mellapak 
250Y, C6/C7, 1.65 bar, and total reflux runs [54] 
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versions of the Sherwood charts over the years, with the most recent and popular version being 
that of Kister (1992) [2]. However, the charts were more readily available for random packings 
compared to structured packings. Therefore, a good theoretical model is necessary for estimating 
flood point in structured packings. In addition, having a model in equation form is useful for 
simulations on a computer and for easy and accurate interpretations for new packings.  
  Previously, theoretical models that were developed for random packings were adapted to 
structured packings. Billet (1999) [16], Mackowiak (1990) [59], and Brunazzi (2008) [60] models 
were among those, however, the lack of packing specific constants for structured packings is the 
major limitation for this approach. To avoid these downsides, Lockett (1995) [61] and Spiegel 
(1987) [62] developed flooding velocity models for structured packed columns using a Wallis - 
type equation. Further, Locket showed that the Wallis type equation can be easily applied to 
develop flooding velocity models for various structured packed columns. The downside of the 
Lockett model was that it was developed only for Y- type packings (45° corrugation angle), and 
does not account for the effect of X- type packings (60° corrugation angle)  on the flooding. In 
contrast to Lockett’s approach, Kuzniewska (1999) [63] used dimensional analysis for developing 
a flooding velocity model. The Kuzniewska model was the only model in the literature developed 
for both random and structured packings without the necessity of packing specific constants for 
model predictions. However, this model also did not account for the effect of corrugation angle on 
the flooding velocity. In addition to corrugation angle, liquid hold up also shows a significant 
effect on flood point and none of the previous models were accounting for this effect. Although a 
few models such as the Mackowiak [59] model accounted for liquid holdup, dependency on 
packing specific constants for model predictions was the major limitation.  
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  In the present study, the performance of the available literature flooding velocity models 
were evaluated using the experimental flooding velocity database assembled from the open 
literature. The results showed that the performance of the literature models was limited due to the 
lack of consideration of corrugation angle effects and packing specific constants (please refer 
Table 4.2 and Appendix I). 
  Compared to flooding velocity models, availability of liquid holdup flooding models in 
literature was very limited. To our knowledge, there were only two liquid holdup flooding models 
that were developed by Billet (1999) [16] and Mackowiak (1990) [59]. However, the Billet (1999) 
model required packing specific constants for model predictions which limited the usability of the 
model. On the other hand, the Mackowiak (1990) model did not include any packing dimensions 
in the model development. Therefore, the performance of the Mackowiak model was not 
satisfactory when evaluated using the experimental literature data for sheet metal structured 
packing (please refer Appendix H). This was an expected result, since both of these models were 
not developed particularly for structured packing. 
  From the above observations, there is a clear need for development of liquid holdup 
flooding and flooding velocity models for sheet metal structured packing columns. In the present 
study, a liquid holdup flooding model was developed first, and then it was utilized to develop a 
flooding velocity model.  
4.2. Model Development 
 
Flooding in a structured packed column can be either due to liquid or vapor flow. Increased liquid 
flow rates in a structured packed column increases liquid film thickness over the packing surface. 
Subsequently, increased film thickness fills the space between packing metal plates and prevents 
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the vapor flow. This causes inoperability of the structured packed column at high liquid flow rates. 
However, the typical flooding encountered in the industrial structured packed column is due to 
vapor flow. At flood point, the vapor flow pushes back the liquid flowing down the column and 
increases the liquid film thickness, which in turn fills the entire packed bed. The velocity with 
which the vapor pushes back the liquid is necessary to identify the flood point in a structured 
column. Therefore, developing a model to determine the flooding vapor velocity is essential for 
structured packed columns. However, it is important to develop a liquid holdup flooding model 
before developing a flooding vapor velocity model, as first influences the later.  
 
4.2.1. Liquid Holdup flooding model 
 
As discussed in our previous article [64], liquid holdup and film thickness in a structured packed 
column increases with increasing vapor flow rate after the load point. When the column is close to 
the flood point, the liquid film thickness reaches a critical value which can be easily influenced 
and supported by the countercurrent vapor flow. A model to estimate this critical liquid film 
thickness will help in developing the liquid holdup model at flood point, since liquid holdup 
accounts for the liquid film formed on the packing surface. 
 Recently, Ruan [45] showed that the critical liquid film thickness at flood point can be 
related to the preloading liquid film thickness using the relation below (equation 4.1). 
𝛿𝑐 = 1.587 𝛿𝐴                                                                     (4.1) 
Where, 
𝛿𝑐  =  Critical film thickness  = (
3 𝜇𝐿
2 𝑅𝑒 
𝜌𝐿
2𝑔 sin𝜃
)
1
3
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𝛿𝐴  =  Preloading film thickness   = (
3 𝜇𝐿
2 𝑅𝑒 
4 𝜌𝐿
2𝑔sin𝜃
)
1
3
 
 In the present model development the concept proposed by Ruan was adapted to relate the 
critical liquid holdup at the flood point to the liquid holdup at the preloading region: 
ℎ𝐿,𝑓𝑙 = 𝐶 ℎ𝐿,𝑝𝑟𝑒                                                                   (4.2) 
Where, 
ℎ𝐿,𝑝𝑟𝑒 = 𝑃𝑟𝑒𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑙𝑖𝑞𝑢𝑖𝑑 ℎ𝑜𝑙𝑑𝑢𝑝 𝑚𝑜𝑑𝑒𝑙 =  0.114 
a1.23 Re0.41
(1-ε)0.28
 (
µ
L
2  
 𝜌𝐿
2 g sin θ
)
1
3
       (4.3) 
However, the geometry of a structured packed column is much more complex than the scenario 
considered by Ruan (flat plate), and these geometric variations (packing geometric area and void 
fraction) should be taken into account to develop the liquid holdup model at the flood point. 
Therefore, equation 4.3 was modified to consider the geometric variations 
ℎ𝐿,𝑓𝑙 = 𝐶1  
a𝐶2 Re0.41
(1-ε)𝐶3
 (
µ
L
2  
 𝜌𝐿
2 g sin θ
)
1
3
                                             (4.4)  
  The constants 𝐶1, 𝐶2, and 𝐶3 were obtained by regressing the model using experimental 
liquid holdup data in the flooding region. The final form of the equation is 
ℎ𝐿,𝑓𝑙 = 2.0  
a0.88 Re0.41
(1-ε)0.15
 (
µ
L
2  
 𝜌𝐿
2 g sin θ
)
1
3
                                              (4.5) 
The above model predicts the critical liquid holdup at the flood point which helps in 
evaluating the region of operation based on the experimental liquid holdup data. If the operational 
liquid holdup is greater than the predicted liquid holdup, then the column can be considered to be 
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either in or close to flooded region. The focus of the present work was to identify the flood point 
and we were not interested in predicting the exponential increase of liquid holdup with vapor flow 
rate in the flooding region. 
  Henceforth, the newly developed liquid holdup flood model (equation 4.5) will be referred 
to as the “OkState liquid holdup flooding model”. 
 
4.2.2. Flooding velocity model 
 
One of the popular methods to estimate the flooding velocities of a counter current vapor and liquid 
operation was by utilizing the Wallis equation [65]. In addition, Lockett [61, 66] showed that the 
Wallis equation did a good job in estimating flooding velocity for a structured packed column. 
Therefore, the Wallis equation was utilized to develop the present flooding velocity model. The 
Wallis equation correlates the gas flux with the liquid flux under the flooding conditions as show 
in equation 4.6. 
𝑗𝐺
∗
1
2 +𝑚 𝑗𝐿
∗
1
2 = 𝑐                                                                    (4.6) 
m and c are constants obtained using the experimental data. JG
* and JL
* are dimensionless fluxes 
of gas and liquid, respectively. These fluxes can be calculated using the equation 4.7 and 4.8. 
𝑗𝐺
∗ =
𝜌𝐺
1
2  𝑈𝐺
[𝑔 𝐷 (𝜌𝐿 − 𝜌𝐺)]
1
2
                                                              (4.7) 
𝑗𝐿
∗ =
𝜌𝐿
1
2 𝑈𝐿
[𝑔 𝐷 (𝜌𝐿 − 𝜌𝐺)]
1
2
                                                              (4.8) 
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UG and UL are the superficial velocities of vapor and liquid in the column. D is the diameter of the 
test section and for structured packed column and it can be calculated using equation 4.9. 
𝑑𝑒 =
4 𝜀
𝑎
                                                                              (4.9) 
The liquid flux 𝑗𝐿  can be neglected at the flood point because of negligible liquid flow in a 
structured packed column. Hence equation 4.6 can be written as 
𝑗𝐺
∗
1
2 = 𝑐                                                                               (4.10) 
From Lockett [61], c is a function of viscosity (ml) and packing surface area (a). 
𝑗𝐺
∗
1
2 = 𝑐
𝑎𝑐1
𝜇𝐿
𝑐2
                                                                        (4.11) 
 Apart from these, the flooding velocity also depends on void fraction (𝜀), surface tension (𝜎), and 
the liquid holdup (1-ℎ𝐿,𝑓𝑙) at flooding. So equation 4.11 becomes 
𝑗𝐺
∗
1
2 =
𝑐1 𝑑𝑒
𝑐2𝜇𝑐3  
𝜎𝑐4
 (1 − ℎ𝐿,𝑓𝑙)                                                        (4.12) 
Substituting equation 4.7 into 4.12, 
𝜌𝐺
1
2  𝑈𝐺,𝑓𝑙
[𝑔 𝑑𝑒 (𝜌𝐿 − 𝜌𝐺)]
1
2
=
𝑐1 𝑑𝑒
𝑐2𝜇𝑐3
 𝜎𝑐4
 (1 − ℎ𝐿,𝑓𝑙)
2
                                                   (4.13) 
UG is a function of the liquid holdup at the flooding, which can be calculated using the equation 
4.14. 
𝑈𝐺,𝑓𝑙 =
𝑢𝐺,𝑓𝑙
𝜀(1 − ℎ𝐿,𝑓𝑙) sin 𝜃
                                                               (4.14) 
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Substituting equation 4.14 into equation 4.13 and rearranging, the final expression for flooding 
velocity is 
𝑢𝐺,𝑓𝑙 = 
𝑐1 𝑑𝑒
𝑐2𝜇𝑐3  sin 𝜃
 𝜎𝑐4
 (1 − ℎ𝐿,𝑓𝑙)
3
 (
𝜌𝐿 − 𝜌𝐺
𝜌𝐺
 𝑔)
0.5
            (4.15) 
The constants c1, c2, c3, and c4 were obtained by regressing the model using the assembled 
literature database. The final flooding velocity model is 
𝑢𝐺,𝑓𝑙 =  0.695 
 𝑑𝑒
0.36𝜇0.25  sin 𝜃
 𝜎0.25
 (1 − ℎ𝐿,𝑓𝑙)
3
 (
𝜌𝐿 − 𝜌𝐺
𝜌𝐺
 𝑔)
0.5
           (4.16) 
From this point on, the newly developed flooding velocity model (equation 4.15) will be referred 
to as “OkState flooding velocity model”. The newly developed OkState liquid holdup flooding 
model and OkState flooding velocity model  do not require any packing specific constants, and the 
variations between different packings was accounted by using packing geometric area and void 
fraction, which are readily available in the open literature. The OkState flooding velocity model 
was developed using the OkState liquid holdup flooding model, the first liquid holdup flooding 
model developed for structured packed columns. 
 
4.3. Literature Database 
 
  A database of experimental liquid holdup flooding data was assembled from the open 
literature [31, 39, 40]. A more detailed discussion of the database was presented in our previous 
article [48].  The experimental literature liquid holdup data was screened as liquid holdup data at 
flooding region when liquid holdup was exponentially increasing with vapor flow rate. The 
available test systems in the database were limited to air/water, air/water/sucrose, and 
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air/water/MEA. A total of 6 packings were considered for model development including the 
popular X and Y type packing configurations. 
Table 4.1. Variable ranges describing the Flooding velocity database 
Variable Range 
Operating pressure (bar) 0.033  ̶  4.14 
Liquid density (kg/m3)  561  ̶  1000 
Vapor density(kg/m3) 0.14    ̶  13.14 
Liquid velocity (m/s) 0.0011  ̶  0.049 
Vapor velocity (m/s) 0.39  ̶  9.74 
Liquid viscosity (Pa.s) 0.0001  ̶  0.0025 
Vapor viscosty (Pa.s)  0.000006  ̶  0.000686 
Surface tension ( N/m) 0.08  ̶  0.725 
 
  Similar to the experimental liquid holdup flooding database, a wide database of flooding 
velocity data was also assembled from HETP , pressure drop, and liquid holdup experimental data. 
A more detailed discussion of these databases was presented in our earlier articles [50, 51]. Flood 
point was obtained from the experimental data with exponential liquid hold up and pressure drop 
increase.   The assembled database consists of a wide range of operating conditions, which are 
summarized in Table 4.1. These tests were conducted using the air/water, cyclohexane/n-heptane, 
chlorobenzene/ethylbenzene, iso-octane/toluene, m-xylene/p-xylene, and methanol/water test 
systems. Apart from the above conditions, the database was also collected for different types of 
structured packings with packing surface area between 55 to 500 m2/m3, void fraction between 90 
to 98.9, and corrugation angles of 45 & 60o. In addition to the above mentioned data, experimental 
FRI data was assembled from the open literature to validate the performance of the newly 
developed model for an industrial sized column (1.2 m diameter). 
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  There were few packings in the literature without any packing geometry information. These 
packings were excluded from the main work and the performance of the literature models for these 
packings was presented separately in Appendix J. 
  
4.4. Results and Discussion   
 
4.4.1. OkState liquid holdup flooding model 
 
An overall performance of the newly developed OkState liquid holdup flooding model can be seen 
in Fig. 4.4. The model predictions were equally spread out and doing a good job in capturing the 
behavior of experimental data. The model has an overall mean absolute relative error (MARE) of 
13.1% with a standard deviation of 10.7%. MARE was calculated using the below expression, 
𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
 𝑋 100                                (4.17) 
 
The OkState liquid holdup flooding model was developed to identify the start of the flooding 
region, and does not account for the exponential increase in liquid holdup with the vapor flow rate 
in the flooding region. Due to this reason, there were higher deviations in model predictions for a 
few data points past the flood point. To properly evaluate the performance of the newly developed 
model, individual plots were created to see how well the new model is capturing the flood point 
for different liquid flow rates and packings (Figs. 4.5, 4.6, and 4.7).  
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Fig. 4.4. Parity plot for OkState liquid hold up flood model predictions using experimental 
liquid holdup flood data 
 
 
  OkState liquid holdup flooding model predictions and the experimental liquid holdup data 
of Mellapak 250X and 250Y packings obtained using air/water test system at atmospheric 
conditions for various liquid load rates were plotted (Figs. 4.5 and 4.6). Based on experimental 
data behavior, the figures were divided into different regions of operations (preloading, loading, 
and flooding). The plots showed that the newly developed model has an overall error of less than 
6% in capturing the beginning of the flooding region. Moreover, it is also accounting for the liquid 
load effect on the flooding. Average model prediction error was higher for Mellapak 250Y (6%) 
compared to Mellapak 250X (3%), due to the lack of experimental liquid holdup data at the flood 
point for Mellapak 250Y at 64 m2/m3h load. So from both Fig. 4.5 and Fig. 4.6, it can be observed 
that the newly developed model was properly capturing the effect of corrugation angle and liquid 
load rates on the experimental liquid holdup flooding data. 
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Fig. 4.5. OkState liquid holdup flooding model predictions for experimental liquid holdup data 
of Mellapak 250X, air/water, 1 bar [31] 
 
 
Fig. 4.6. OkState liquid holdup flooding model predictions for experimental liquid holdup data 
of Mellapak 250Y, air/water, 1 bar [31] 
 
 
  Fig. 4.7 shows the experimental liquid holdup flooding data for Montz B1-250 packing 
tested at atmospheric conditions using an air/water test system. The data was collected at a liquid 
load rate of 30 m3/m2h. As shown in figure 4.7, the newly developed OkState liquid holdup 
flooding model predicted a constant critical liquid holdup value based on the liquid load rate, 
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irrespective of the vapor flow rate. This value will be useful to identify the flooding region based 
on experimental liquid holdup data. At the experimental liquid holdup value greater than the 
critical value predicted by the OkState liquid holdup flooding model, the system was considered 
to be in or close to flooding region. Plots 5, 6, and7 showed that the model was doing a good job 
in identifying the start of the flooding region. Obtaining the data for other test systems will help in 
evaluating and improving the performance of the present model and also to account for the effect 
of viscosity and surface tension. 
 
Fig. 4.7. OkState liquid holdup flooding model predictions for experimental liquid holdup data 
of Montz B1-250, air/water, 1 bar [40] 
 
4.4.2. OkState flood velocity model 
 
Table 4.2. Summary of literature flood velocity model performance using experimental flood 
velocity data 
Model 
Average 
Mean Absolute Relative Error, 
% 
OkState 12.2 
Lockett 21.9 
Kuzniewska 24.8 
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𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐹𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)
 𝑋 100        (4.18) 
 
 
Fig. 4.8. Parity plot for OkState flood velocity model predictions using experimental flooding 
velocity data 
 
Fig. 4.8 shows the parity plot for the newly developed OkState flooding velocity model using 
experimental flood velocity data. From Table 4.2 and Fig. 4.8, the model has a MARE of 12.2% 
with a standard deviation of 16.8%. Out of the 136 experimental points, more than 80% of the 
points lie in between the 15% deviation lines. It can be observed from the parity plot that the model 
is conservative in predictions. Further, similar to the liquid holdup flooding data, the flooding 
velocity data was also obtained from discrete experimental data of pressure drop, HETP and liquid 
holdup. Therefore, some of the data points were past the flood point and those points were chosen 
because of unavailability of data points at the beginning of the flooding region. There was a chance 
that the points selected past flood point could reduce the performance of the newly developed 
OkState flooding velocity model. So the performance of the OkState flooding velocity model was 
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further tested using FRI test data and few other data points that were not considered in the model 
development. 
  Figs. 4.9, 4.10, 4.11 and 4.12 show the experimental HETP data obtained using the FRI 
test facility, whose column operation was close to the industrial column operation. The tests were 
conducted using o/p-xylene low pressure system, cyclohexane/n-heptane medium pressure system, 
and i-/n/butane high pressure system. All the tests were total reflux runs with pressures varying 
between 0.13 to 11.4 bar. All these plots showed that the OkState flooding velocity model did a 
good job in identifying the flood point by capturing the effect of different systems and operating 
pressure on flood point. The average deviation of the present model tested using FRI experimental 
data was less than 10%. Also, the model predictions were conservative compared to experimental 
data. 
 
Fig. 4.9. OkState flooding velocity model prediction for experimental HETP data of Mellapak 
250Y tested at FRI, o/p xylene, 0.13 bar [54] 
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Fig. 4.10. OkState flooding velocity model prediction for experimental HETP data of Mellapak 
250Y tested at FRI, C6/C7, 0.34 bar, and total reflux [54] 
 
 
Fig. 4.11. OkState flooding velocity model prediction for experimental HETP data of Mellapak 
250Y tested at FRI, C6/C7, 1.65 bar, and total reflux [54] 
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Fig. 4.12. OkState flooding velocity model prediction for experimental HETP data of Mellapak 
250Y tested at FRI, i/n-butane, 11.4 bar, and total reflux [54]  
 
 
Fig. 4.13. OkState flooding velocity model prediction for experimental liquid holdup data 
obtained using the packings Mellapak 250Y and 250X, air/water, 1 bar [31] 
 
 
  The performance of the newly developed OkState flooding velocity model was validated 
using the liquid holdup experimental data. Fig. 4.13 shows the experimental liquid holdup data 
obtained for Mellapak 250Y and 250X packings using an air/water test system at different liquid 
load rates. In addition to the experimental data, OkState flooding velocity model predictions were 
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also plotted in the same figure. As shown in Fig. 4.13, the OkState Flooding velocity model was 
identifying the flood point really well for both 250Y and 250X with an average deviation of 4.5%. 
The effect of corrugation angle on flood point was also shown in the figure. The present model 
was also capturing the effect of corrugation angle on flood velocity. 
  The OkState flooding velocity model predictions were also plotted for experimental 
pressure drop data in Fig. 4.14. This experimental data was obtained using cyclohexane/n-heptane 
system at 0.33 bar for a total reflux condition. The packings tested were Montz B1-250.45 and B1-
250.60. The model predictions have an average deviation of 8.3% from the experimental data. 
Further, the model predictions were also conservative. 
   
Fig. 4.14. Experimental pressure drop data using Montz B1-250.45 and B1-250.60, C6/C7 
system, 0.33 bar, and total reflux condition [47] 
 
0
200
400
600
800
1000
1200
0 0.5 1 1.5 2 2.5 3 3.5 4
P
re
ss
u
re
 D
ro
p
, P
a/
m
Fs, (m/s)(kg/m3)0.5
Montz B1-250.45, 0.33 bar
Montz B1-250.60, 0.33 bar
OkState Flood velocity model
Avg. Model Deviation: 8.3%
    
80 
 
 
Fig. 4.15. Flooding region surface obtained using OkState liquid holdup flooding model and 
OkState flood velocity model for experimental Liquid holdup data obtained using 
Mellapak 250X packing, air/water, and 1 bar [31] 
 
From the above results, it can be observed that the OkState liquid holdup flooding model and 
OkState flooding velocity model were identifying the flood point for different packings with 
reasonable error.  A much better approach to identify flooding, however, is to combine the 
predictions from the above models. This will generate a surface in which flooding might occur. 
For example, Fig. 4.15 shows the experimental liquid holdup data for Mellapak 250X packing 
obtained at atmospheric conditions. In this figure, by combining the predictions of the OkState 
liquid holdup flooding model and OkState flooding velocity model, a safe operating region and 
flooding regions was identified. Often times it is difficult to identify the exact flood point for 
different operations, so when the experimental data falls in the shaded region, then the column can 
be considered to be flooded. This approach can be very valuable for column design and especially 
for troubleshooting. 
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4.5. Conclusion 
 
          The new OkState liquid holdup flooding model was correctly predicting the critical liquid 
holdup value, with an average deviation of 13% that can be used to identify the flooding based on 
the experimental liquid holdup data. However, the data was only available for an air/water test 
system. Obtaining additional test data from different test systems will definitely help in improving 
the performance of the present model for capturing the effects of viscosity and surface tension. 
  The new OkState flood velocity model was doing a good job in capturing the effect of 
corrugation angle, operating pressure and operating system on the flood point. Unlike other model, 
the OkState flooding velocity model captures the variations in different packings using the packing 
surface area, void fraction, and corrugation angle of the packing, thereby taking their effects into 
consideration. Moreover, The OkState flooding velocity model was predicting the flood point for 
an industrial sized FRI column data without any need of packing specific constants. 
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Example Problem: 
1. A packed column using Mellapak 250X structured packing is being operated under 
atmospheric conditions with a liquid load of 100 m3/m2h. Check whether the column is 
flooded or not when the measured liquid holdup of the column is 0.21 m3/m3 and the 
vapor velocity of the column is 2.56 m/s. Use below properties for the calculations: 
            Water Density  =  1000 kg/m3 
 Water Viscosity = 1 cp 
 Air Density  =  1.3 kg/m3 
 Packing Area (a) = 250 m2/m3 
 Void fraction (ε) =  98 m3/m3 
 Corrugation angle = 60 
 Surface tension =  0.072 N/m 
 
Ans:    a. Liquid holdup value at flooding: 
 First calculating the critical liquid holdup using OkState liquid holdup flooding model 
(equation 4.5). 
ℎ𝐿,𝑓𝑙 = 2.0  
a0.88 Re0.41
(1-ε)0.15
 (
µ
L
2  
 ρ2 g sin θ
)
1
3
 
Where, 
𝑅𝑒 =
𝑢𝐿𝜌𝐿
𝑎 𝜇𝐿
=
(
100
3600) (
𝑚
𝑠 )  1000 (
𝑘𝑔
𝑚3
)
250 (
𝑚2
𝑚3
) (
1
1000) 
(𝑃𝑎. 𝑠)
 = 111.11 
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ℎ𝐿,𝑓𝑙 = 2.0  
2500.88 111.110.41
(1-0.98)0.15
 (
(1/1000)2 
 10002 9.81 sin 60
)
1
3
= 0.157 𝑚3/𝑚3 
 
Since the experimental liquid holdup (ℎ𝐿,exp = 0.21 m3/m3) is greater than the model 
predicted critical value of 0.157 𝑚3/𝑚3. The column is flooded based on the 
experimental liquid holdup data. 
 
b. Flood point vapor velocity: 
Flood point vapor velocity can be calculated using the OkState flooding velocity model 
(equation 4.16). 
𝑢𝐺,𝑓𝑙 =  0.695 
 𝑑𝑒
0.36𝜇0.25  sin 𝜃
 𝜎0.25
 (1 − ℎ𝐿,𝑓𝑙)
3
 (
𝜌𝐿 − 𝜌𝐺
𝜌𝐺
 𝑔)
0.5
 
Where, 
𝑑𝑒 =
4 𝜀
𝑎
=
 4 ×  0.98
250
=  0.01568 𝑚 
𝑢𝐺,𝑓𝑙 =  0.695 
 (0.01568)0.36 (
1
1000)
0.25
 sin 60
 0.0720.25
 (1 − 0.157)3  (
1000 − 1.3
1.3
  9.81)
0.5
 
 
𝑢𝐺,𝑓𝑙 = 2.40 𝑚/𝑠 
Since the vapor velocity of the column (𝑢𝐺  = 2.56 m/s) is greater than the OkState 
flooding velocity model predictions. The column is considered to be flooded.  
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CHAPTER V 
 
 
5. SUMMARY AND CONCLUSIONS 
 
In this chapter the major findings and contributions of this work are discussed; conclusions, and 
directions for future work are presented. 
5.1. Major findings 
 
The contributions and major findings are summarized below: 
 A new liquid holdup preloading model was developed for a sheet metal structured packing 
with the following features: 
o It has a simple model structure, which is based on a liquid film thickness model. 
o It predicts the liquid holdup over a wide range of liquid flow rates. 
 A new liquid holdup loading model was developed with the following features: 
o It incorporates the effect of vapor velocity on the liquid holdup in the loading 
region. 
o It relies on simple kinetic energy term as the main model parameter. 
 A new liquid holdup flood model was developed with the following features: 
o It is based on the liquid film model. 
o It is the first liquid holdup model developed for a structured packed column. 
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 A new flooding velocity model was developed with the following features: 
o It is based on the Wallis type model for a counter current vapor and liquid flow. 
o It uses liquid holdup term as a main model parameter. 
o It is simple compared to other literature flood models. 
 In addition all the models that were developed have the following advantages: 
o  They do not rely on any packing specific constants for model predictions. 
o They only rely on the packing geometrical area, void fraction, and physical 
properties for model prediction. 
o The present models were developed using a wider experimental database than any 
other literature models. 
 
5.2. Conclusions 
 
  The current OkState preloading liquid holdup model was developed on the basis of a film 
model with an overall deviation of 5%. This again reiterates the point that structured packings are 
film contacting devices and a good liquid film thickness model accounting for the effect of various 
complex surfaces will help to improve the overall understanding of the packed column. In addition, 
the liquid holdup model also showed that packing geometric surface area and packing void fraction 
are sufficient to identify the effect of different packings on experimental data.  
  The new OkState loading liquid holdup model was the only literature model that was 
properly capturing the vapor flow rate effect on the liquid holdup. In addition, this model does not 
rely on any packing specific constants to capture this behavior. Also, a new OkState loading point 
model was developed to support the OkState loading liquid holdup model predictions. These 
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models are the first literature models developed using a wide experimental structured packing data. 
Furthermore, the complexity of these models can be attributed to the complexity of the loading 
region. 
  The OkState liquid holdup flood model was the first liquid holdup model developed in the 
flooding region for a structured packed column. In addition, this model relies on the readily 
available packing information, such as packing geometrical area and packing void fraction for 
model predictions. An important thing to note about this model is that it specifies the upper safe 
operating limit for structure packing experimental liquid holdup data. 
  In addition to the liquid holdup models, a new OkState flooding velocity model was also 
developed in the present work using the Wallis type equation. This model is also a necessary model 
for a structured packed column because a majority of the literature flooding models were adopted 
from the random packing columns. This was limiting the overall performance of the literature 
flooding velocity models. However, the new OkState model was properly accounting for the effect 
of operating conditions and packing variations compared to other literature models. Another 
significant point is that the new OkState model is simple and requires less information when 
compared to other literature models.  
  Overall, in the present work performance of the literature liquid holdup, load point and 
flood point models were evaluated using experimental literature data. In addition, new models 
were developed for liquid holdup in preloading, loading, and flooding region, as well as new load 
and flood point models.  
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5.3. Future work 
 
  Experimental data is needed for systems other than air/water to account for the proper effect 
of physical properties on the liquid holdup.  Data is especially needed in the loading region to 
identify the effect of vapor viscosity and surface tension on the liquid holdup. In addition, the data 
collected on commercial scale columns will be valuable to identify the effect of vapor and liquid 
flow rates on liquid holdup. 
  Furthermore, current models were developed using third generation structured packing 
data. New fourth generation structured packings are now available from the packing 
manufacturers, so experimental data from the fourth generation packings will be valuable for 
evaluating the newly developed models and in identifying the differences in liquid holdup behavior 
in different regions of operations. 
  For a structured packed column, in addition to the liquid holdup and flooding velocity 
models, there is also a need for a new pressure drop model. Similar to the liquid holdup models, 
pressure drop models should be developed for each region operation. In addition, pressure drop 
model is also a strong function of liquid holdup model similar to flooding velocity model. 
Therefore, the newly developed liquid holdup models should be incorporated in the pressure drop 
model. Furthermore, the newly developed load point and flooding velocity models will help in 
identifying different regions of operation. 
  In addition, new volumetric mass transfer coefficient models are also necessary for HETP 
model predictions and rate based modeling of a structured packed column. However, the following 
gaps need to be addressed first before developing new volumetric mass transfer coefficient models: 
 Need of volumetric mass transfer coefficient data for a distillation system 
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 Need of structured packing distillation concentration profile data 
In addition, liquid holdup model terms also need to be incorporated into the volumetric mass 
transfer coefficient models to improve their performance. 
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APPENDICES 
 
A.  Preloading Literature Models performance using experimental liquid holdup 
preloading data (Table 2.1) 
 
A.1. Alix-1 Model [41]:  
ℎ𝐿 = ℎ𝐿0 + 𝐾
𝑃
𝛤
𝜌𝐿
 (
𝜇𝐿
𝜇𝑤
)
1
3
 
𝛤 =  𝜌𝐿
𝑉𝑆𝐿
𝑎𝑔
 
𝐾𝑃 = 691 [𝑠 𝑚−2] 
ℎ𝐿0 = 6.3% 
 
 
Fig. A.1. Alix-1 preloading model predictions vs experimental liquid holdup preloading data 
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A.2. Alix-2 Model [41]: 
ℎ𝐿 = ℎ𝐿0 + 𝐶1ᴦ
0.4  (
𝜇𝐿
𝜇𝑤
)
1
3
 
𝑅𝑒𝐿 =
4ᴦ
𝜇𝐿
= 
4 𝜌𝐿𝑉𝑆𝐿
𝑎𝑔𝜇𝐿
  
𝐶1 = 0.2683 [𝑠 𝑚
−2] 
𝑅𝑒𝐿0 = 
4 ᴦ0
𝜇𝐿
= 800 
ℎ𝐿0 = 0.032 
ᴦ
ᴦ0
 𝑓𝑜𝑟 𝑅𝑒𝐿  ≤ 𝑅𝑒𝐿0 
ℎ𝐿0 = 0.032 𝑓𝑜𝑟 𝑅𝑒𝐿 > 𝑅𝑒𝐿0 
 
 
Fig. A.2. Alix-2 preloading model predictions vs experimental liquid holdup preloading data 
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A.3. Delft Model [25, 33-35]: 
𝛼𝐿 = 𝑎𝑟𝑐𝑡𝑎𝑛 [
𝑐𝑜𝑠 (90 − 𝛼)
sin(90 − 𝛼) cos [𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑏
2ℎ)]
] 
𝛿 = (
3 𝜇𝐿 𝑢𝐿𝑠
𝜌𝐿𝑔 𝑎𝑃 sin 𝛼𝐿
)
1
3
 
ℎ𝐿 =  𝛿 𝑎𝑃 
 
Fig. A.3. Delft preloading model predictions vs experimental liquid holdup preloading data 
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A.4. Gualito Model [52]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1500 + 65000 𝑈𝐿𝑆 
Solve below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
 
 
Fig. A.4. Gualito preloading model predictions vs experimental liquid holdup preloading data 
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A.5. Macias Model [67]: 
𝑑𝑒𝑞 = 𝐵ℎ [
1
𝐵 + 2𝑆
+
1
2𝑆
] 
𝐹𝑖 =
𝐹𝑟
𝑅𝑒
=
(
𝑣𝑠
2
𝑔 𝑑𝑒𝑞
)
𝑣𝑠𝑑𝑒𝑞𝜌
𝜂
  
𝐻𝑡 = 0.05557 𝐹𝑖
0.3165  (
3
sin2 ∅
)
0.8767
(𝑑𝑒𝑞 𝑎𝑝)
2.405
 
 
Fig. A.5. Macias preloading model predictions vs experimental liquid holdup preloading data 
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A.6. Mackowiak-2 Model [42]: 
ℎ𝐿 = 0.465 (
𝑢𝐿
2𝑎
𝑔
)
1
3
  
 
Fig. A.6. Mackowiak-2 preloading model predictions vs experimental liquid holdup 
preloading data 
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A.7. Mackowiak Model [23]: 
𝑑𝑃 =
6 (1 − 𝜀)
𝑎
 
𝐵𝐿 = (
𝜇𝐿
𝑔2𝜌𝐿
)
1
3
 (
𝑢𝐿
𝜀
) (
1 − 𝜀
𝜀 𝑑𝑃
) 
ℎ𝐿 = 2.2 𝐵𝐿
0.5 
 
Fig. A.7. Mackowiak-2 preloading model predictions vs experimental liquid holdup 
preloading data 
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A.8. Pondebat Model [68]: 
ℎ𝐿 = 𝐾3  [ 
𝜇𝐿
𝜌𝐿𝑣𝑊𝑎𝑡𝑒𝑟
]
𝐴5
 𝑢𝐿
𝐴6  exp (𝐾4 𝑢𝑉 𝜌𝐺
0.5) 
𝑢𝐿,𝐸𝑓𝑓 = [
3 𝑢𝐿
2 𝑃𝑒𝑟
] [
(𝑔 𝑃𝑒𝑟)
 3 𝜈𝐿 𝑢𝐿
]
1
3
 
𝑃𝑒𝑟 =
4 𝑆 + 𝐵
𝐵 ℎ
 
If 𝑢𝐿,𝐸𝑓𝑓 ≤ 0.255, K3 = 0.38548, A5 = 0.17954, A6 = 0.36739, K4 = 0.02048 
If 0.255 ≤ 𝑢𝐿,𝐸𝑓𝑓 ≤ 0.36, K3 = 1.0467, A5 = 0.056825, A6 = 0.5867, K4 = 0.03956 
If 𝑢𝐿,𝐸𝑓𝑓 ≥ 0.255, K3 = 1.8229, A5 = -0.04219, A6 = 0.7191, K4 = 0.04258 
 
Fig. A.8. Pondebat preloading model predictions vs experimental liquid holdup preloading data 
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A.9. Spiegel Model [31]: 
ℎ𝐿 = ( 𝑐 𝑎𝑑
0.83 𝑢𝐿
𝑥  (
𝜇𝐿
𝜇𝑊𝑎𝑡𝑒𝑟
)
0.25
) 
𝑐 = 0.0169 𝑎𝑛𝑑 𝑥 = 0.37 𝑖𝑓 𝑢𝐿 < 40 
𝑐 = 0.0075 𝑎𝑛𝑑 𝑥 = 0.59 𝑖𝑓 𝑢𝐿 > 40 
 
 
Fig. A.9. Spiegel preloading model predictions vs experimental liquid holdup preloading data 
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A.10. SRP Model [21]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
Solve the below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1025 𝑃𝑎/𝑚 
 
 
Fig. A.10. SRP preloading model predictions vs experimental liquid holdup preloading data 
 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.00 0.05 0.10 0.15 0.20 0.25
SR
P
 M
o
d
el
 P
re
d
ic
ti
o
n
s,
m
3 /
m
3
Experimental hL Data, m
3/m3
Avg. Deviation: 31.3%
Total points: 136 +15 %
-15 %
    
104 
 
A.11. Stichlmair Model [43]: 
ℎ𝐿 = 0.555 ( 𝑈𝐿
2  
𝑎
𝑔 𝜀4.65
)
1
3
 
 
 
Fig. A.11. Stichlmair preloading model predictions vs experimental liquid holdup preloading 
data 
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A.12. Valenz Model [44]: 
ℎ𝐿 = 0.6844 𝐹𝑖
0.5296  (
3
sin2 𝛼
)
0.877
(𝑑𝑒𝑞𝑎𝑝)
2.405
 
𝐹𝑖 =
𝜂𝐿𝑢𝐿
𝑑𝑒𝑞2 𝜌𝐿𝑔
 
𝑑𝑒𝑞 = 𝐵ℎ [
1
𝐵 + 2𝑆
+
1
2𝑆
] 
 
Fig. A.12. Valenz preloading model predictions vs experimental liquid holdup preloading data 
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B.  Data without packing surface area information 
 
Table B.1. Summary of packing data without packing surface area information 
Database Packing 
Effective area,  Void 
s, mm Preloading Loading System (Approximated) 
m2/m3 
 fraction, 
ε 
Koch 
[21] 
Gempak 1A 115 96 36 8 7 
Air/Water 
Gempak2A 220 95 18 6 7 
Gempak 4A 453 91   9 5 11 
Flexipac 1 453 91   9 5 10 
Flexipac 2 220 95 18 9 15 
Flexipac 3 115 96 36         15 13 
Flexipac 4 55 98 72         16 12 
Total Points               64 75   
 
Table B.2. Summary of literature holdup model performance using experimental liquid 
holdup data (with approximated packing surface area) in preloading region 
Database Packing 
Mean Absolute Relative Error, % 
OkState Model 
(Eqn. 2.8) 
Alix 
[41] 
Billet 
[16] 
Delft 
[33] 
Mackowiak 
[42] 
Spiegel 
[31] 
SRP 
[21] 
Stichlmair 
[43] 
Valenz 
[44] 
Koch [21] 
Gempak 1A 25.6 359.3 NA NA 86.5 35.9 37.7 155.3 70.3 
Gempak2A 9.3 82.3 NA NA 42.5 24.6 9.5 73.7 75.1 
Gempak 4A 19.7 10.8 NA NA 62.0 81.4 39.4 101.0 136.8 
Flexipac 1 3.9 20.4 NA NA 23.2 34.0 5.2 26.5 124.5 
Flexipac 2 9.3 64.7 NA NA 31.3 16.4 4.9 66.0 62.9 
Flexipac 3 15.1 308.5 NA NA 68.9 24.5 28.8 138.0 56.6 
Flexipac 4 13.4 545.5 NA NA 33.7 21.2 2.3 112.3 21.0 
Average Deviation   14.1 272.8 NA NA  50.4 29.1 17.1     106.0   63.6 
 Lowest error for each packing were bolded 
 Billet model error was reported only for the packing with packing specific constants and the ones 
without them were written as NA 
 For models requiring packing dimension information, error was displayed as NA when the 
packing dimension information was not available 
𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
 𝑋 100 
    
107 
 
B.1. Preloading Literature Models performance using experimental liquid holdup 
preloading data (Table B.1) 
 
B.1.1. Alix-1 Model [41]:  
ℎ𝐿 = ℎ𝐿0 + 𝐾
𝑃
𝛤
𝜌𝐿
 (
𝜇𝐿
𝜇𝑤
)
1
3
 
𝛤 =  𝜌𝐿
𝑉𝑆𝐿
𝑎𝑔
 
𝐾𝑃 = 691 [𝑠 𝑚−2] 
ℎ𝐿0 = 6.3% 
 
 
Fig. B.1.1. Alix-1 preloading model predictions vs experimental liquid holdup preloading data 
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B.1.2. Alix-2 Model [41]: 
ℎ𝐿 = ℎ𝐿0 + 𝐶1ᴦ
0.4  (
𝜇𝐿
𝜇𝑤
)
1
3
 
𝑅𝑒𝐿 =
4ᴦ
𝜇𝐿
= 
4 𝜌𝐿𝑉𝑆𝐿
𝑎𝑔𝜇𝐿
  
𝐶1 = 0.2683 [𝑠 𝑚
−2] 
𝑅𝑒𝐿0 = 
4 ᴦ0
𝜇𝐿
= 800 
ℎ𝐿0 = 0.032 
ᴦ
ᴦ0
 𝑓𝑜𝑟 𝑅𝑒𝐿  ≤ 𝑅𝑒𝐿0 
ℎ𝐿0 = 0.032 𝑓𝑜𝑟 𝑅𝑒𝐿 > 𝑅𝑒𝐿0 
 
 
Fig. B.1.2. Alix-2 preloading model predictions vs experimental liquid holdup preloading data 
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B.1.3. Gualito Model [52]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1500 + 65000 𝑈𝐿𝑆 
Solve below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
 
 
Fig. B.1.3. Gualito preloading model predictions vs experimental liquid holdup preloading data 
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B.1.4. Mackowiak-2 Model [42]: 
ℎ𝐿 = 0.465 (
𝑢𝐿
2𝑎
𝑔
)
1
3
  
 
Fig. B.1.4. Mackowiak-2 preloading model predictions vs experimental liquid holdup 
preloading data 
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B.1.5. Mackowiak Model [23]: 
𝑑𝑃 =
6 (1 − 𝜀)
𝑎
 
𝐵𝐿 = (
𝜇𝐿
𝑔2𝜌𝐿
)
1
3
 (
𝑢𝐿
𝜀
) (
1 − 𝜀
𝜀 𝑑𝑃
) 
ℎ𝐿 = 2.2 𝐵𝐿
0.5 
 
Fig. B.1.5. Mackowiak-2 preloading model predictions vs experimental liquid holdup 
preloading data 
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B.1.6. Newly Developed OkState Preload Model: 
 
Fig. B.1.6. OkState preload model predictions vs experimental liquid holdup preloading data 
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B.1.7. Spiegel Model [31]: 
ℎ𝐿 = ( 𝑐 𝑎𝑑
0.83 𝑢𝐿
𝑥  (
𝜇𝐿
𝜇𝑊𝑎𝑡𝑒𝑟
)
0.25
) 
𝑐 = 0.0169 𝑎𝑛𝑑 𝑥 = 0.37 𝑖𝑓 𝑢𝐿 < 40 
𝑐 = 0.0075 𝑎𝑛𝑑 𝑥 = 0.59 𝑖𝑓 𝑢𝐿 > 40 
 
 
Fig. B.1.7. Spiegel preloading model predictions vs experimental liquid holdup preloading data 
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B.1.8. SRP Model [21]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
Solve the below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1025 𝑃𝑎/𝑚 
 
 
Fig. B.1.8. SRP preloading model predictions vs experimental liquid holdup preloading data 
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B.1.9. Stichlmair Model [43]: 
ℎ𝐿 = 0.555 ( 𝑈𝐿
2  
𝑎
𝑔 𝜀4.65
)
1
3
 
 
 
Fig. B.1.9. Stichlmair preloading model predictions vs experimental liquid holdup preloading 
data 
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C. Present model predictions for all the data 
 
 
 
Fig. C.1. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
Fig. C.2. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.3. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.4. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.5. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.6. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.7. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.8. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.9. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.10. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.11. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.12. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.13. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.14. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.15. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.16. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.17. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.18. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.19. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.20. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.21. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.22. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.23. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.24. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.25. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.26. OkState liquid holdup model predictions vs. experimental liquid holdup data 
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Li
q
u
id
 H
o
ld
u
p
, m
3 /
m
3
Fs, m/s (kg/m3)0.5
B1-250M, 45 deg
Zakeri, 250 m2/m3
Air/Water; Load =  5 m3/m2hr 
1 cp
0.00
0.01
0.02
0.03
0.04
0.05
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Li
q
u
id
 H
o
ld
u
p
, m
3
/m
3
Fs, m/s (kg/m3)0.5
B1-250M, 45 deg
Zakeri, 250 m2/m3
Air/Water; Load =  3 m3/m2hr 
1 cp
    
129 
 
 
 
Fig. C.27. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.28. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.29. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.30. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.31. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.32. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.33. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.34. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.35. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.36. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.37. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.38. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.39. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.40. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.41. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.42. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.43. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.44. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.45. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.46. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.47. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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Fig. C.49. OkState liquid holdup model predictions vs. experimental liquid holdup data 
 
 
Fig. C.50. OkState liquid holdup model predictions vs. experimental liquid holdup data 
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D. Literature Loading Models performance using experimental liquid holdup loading data 
(Table 3.2) 
 
D.1. SRP Model [21]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
Solve the below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1025 𝑃𝑎/𝑚 
 
 
Fig. D.1. SRP loading model predictions vs experimental liquid holdup loading data 
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D.2. Gualito Model [52]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1500 + 65000 𝑈𝐿𝑆 
Solve below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
 
 
Fig. D.2. Gualito loading model predictions vs experimental liquid holdup loading data 
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D.3. Mackowiak Model [23]: 
ℎ𝐿 = (
3
4
) (
3
𝑔
)
1
3
 𝑎
2
3  (
𝑢𝐿𝜇𝐿
𝜌𝐿
)
1
3
 
 
Fig. D.3. Mackowiak loading model predictions vs experimental liquid holdup loading data 
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E. Literature Load point Model performance using experimental load point data 
 
E.1. Verschoof Model [40]: 
 
Constant liquid load: 
𝐹𝐺,𝑙𝑝 = [ 0.053 𝜀
2 𝑔 𝑑ℎ𝑔
𝜌𝐿 − 𝜌𝐺
𝜌𝐺
 (𝑢𝐿𝑠 √
𝜌𝐿
𝜌𝐺
)
−0.25
 (𝑠𝑖𝑛 𝛼)1.24 ]
0.57
 √𝜌𝐺 
        Total reflux conditions (L/V = 1): 
𝐹𝐺,𝑙𝑝 = [ 0.053 𝜀
2 𝑔 𝑑ℎ𝑔(𝜌𝐿 − 𝜌𝐺) (
𝑢𝐿𝑠
𝑢𝐺𝑠
 √
𝜌𝐿
𝜌𝐺
)
−0.25
 (𝑠𝑖𝑛 𝛼)1.15 ]
0.5
√𝜌𝐺   
 
𝑑ℎ𝐺 =
(𝑏ℎ − 2𝛿𝑠)2
𝑏ℎ
[ (
𝑏ℎ − 2𝛿𝑠
2ℎ )
2
+ (
𝑏ℎ − 2𝛿𝑠
𝑏 )
2
]
0.5
+
𝑏ℎ − 2𝛿𝑠
2ℎ
 
 
 
Fig. E.1. Verschoof load point model predictions vs experimental load point data 
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F.  Data without packing surface area information 
 
Table F.1. Summary of packing data without packing surface area information 
Database Packing 
Effective area,  Void 
s, mm Preloading Loading System (Approximated) 
m2/m3 
 fraction, 
ε 
Koch 
[21] 
Gempak 1A 115 96 36 8 7 
Air/Water 
Gempak2A 220 95 18 6 7 
Gempak 4A 453 91   9 5 11 
Flexipac 1 453 91   9 5 10 
Flexipac 2 220 95 18 9 15 
Flexipac 3 115 96 36         15 13 
Flexipac 4 55 98 72         16 12 
Total Points               64 75   
 
Table F.2. Summary of OkState liquid holdup load model and other literature liquid holdup 
model predictions using literature experimental liquid holdup data (with 
approximated packing surface area) in loading region 
Database Packing 
Mean Absolute Relative Error, % 
OkState liquid holdup load model (Eqn. 3.3) 
SRP 
[21] 
Mackowiak 
[23] 
Gualito 
[52] 
Using Preloading Using Experimental  
 Model Predictions Preloading Data 
Koch [21] 
Gempak 1A 26.0 13.2 29.4 28.3 19.8 
Gempak2A 9.1 3.6 7.6 28.1 7.8 
Gempak 4A 15.8 4.6 20.0 25.7 18.6 
Flexipac 1 10.2 3.2 9.3 31.6 13.3 
Flexipac 2 14.4 4.4 5.8 38.9 7.7 
Flexipac 3 17.0 9.6 20.2 31.8 16.0 
Flexipac 4 31.5 12.7 25.3 53.0 19.9 
Average Deviation                     17.8                   7.2 16.3 35.0    14.6 
 
 Lowest error for each packing were bolded 
 For models requiring packing dimension information, error was displayed as NA where the 
packing dimension information is not available 
 
 
 
 
 
𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐻𝑜𝑙𝑑𝑢𝑝)
 𝑋 100 
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F.1. Literature Loading Models performance using experimental liquid holdup loading 
data (Table F.2) 
 
F.1.1. Newly Developed OkState liquid holdup load model using Experimental liquid 
holdup preloading data: 
 
 
Fig. F.1.1. OkState liquid holdup load model predictions using Experimental liquid holdup 
preloading data vs experimental liquid holdup loading data 
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F.1.2. Newly Developed OkState liquid holdup load model using OkState liquid holdup 
preload model: 
 
 
Fig. F.1.2. OkState liquid holdup load model predictions using Experimental liquid holdup 
preloading data vs experimental liquid holdup loading data 
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F.1.3. SRP Model [21]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
Solve the below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1025 𝑃𝑎/𝑚 
 
 
Fig. F.1.3. SRP loading model predictions vs experimental liquid holdup loading data 
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F.1.4. Gualito Model [52]: 
(
∆𝑃
∆𝑍
)
𝑑𝑟𝑦
= (
𝜌𝐺
𝜌(𝑎𝑖𝑟,1 𝑏𝑎𝑟) 
)
0.4
( 
0.177 𝜌𝐺𝑈𝐺𝑆
2
𝑆 𝜖2(sin𝜃)2
+ 
88.77 𝑢𝐺𝑈𝐺𝑆
𝑆2𝜖 sin 𝜃
) 
𝐹𝑡 =
𝑎𝑒
𝑎𝑝
= 
(𝑊𝑒𝐿𝐹𝑟𝐿)
0.1529.12 𝑆0.36
𝑅𝑒𝐿
0.2 𝜖0.6(1 − 0.93 cos 𝛾)(sin𝜃)0.3
 
(
∆𝑃
∆𝑍
)
𝑓𝑙𝑜𝑜𝑑
= 1500 + 65000 𝑈𝐿𝑆 
Solve below equations, 
ℎ𝐿 = [
4 𝐹𝑡
𝑆
]
2
3
 
{
 
 
 
 
 
 
3 𝜇𝐿𝑈𝐿𝑠
𝜌𝐿𝜖 sin𝜃  [(
𝜌𝐿 − 𝜌𝐺
𝜌𝐿
)(1 − 
(
∆𝑃
∆𝑍)𝑛𝑒𝑤
(
∆𝑃
∆𝑍)𝑓𝑙𝑜𝑜𝑑
)]
}
 
 
 
 
 
 
1
3
 
∆𝑃
∆𝑍
= 
(
∆𝑃
∆𝑍)𝑑𝑟𝑦
[1 − (0.614 + 71.35 𝑆)ℎ𝐿]5
 
 
 
Fig. F.1.4. Gualito loading model predictions vs experimental liquid holdup loading data 
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F.1.5. Mackowiak Model [23]: 
ℎ𝐿 = (
3
4
) (
3
𝑔
)
1
3
 𝑎
2
3  (
𝑢𝐿𝜇𝐿
𝜌𝐿
)
1
3
 
 
Fig. F.1.5. Mackowiak loading model predictions vs experimental liquid holdup loading data 
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F.2. Literature Load point Model performance using experimental load point data 
 
 
F.2.1. Newly Developed OkState load point model using Experimental load point data: 
 
 
Fig. F.2.1. OkState load point model predictions vs experimental load point data 
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F.2.2. Verschoof Model [40]: 
 
Constant liquid load: 
𝐹𝐺,𝑙𝑝 = [ 0.053 𝜀
2 𝑔 𝑑ℎ𝑔
𝜌𝐿 − 𝜌𝐺
𝜌𝐺
 (𝑢𝐿𝑠 √
𝜌𝐿
𝜌𝐺
)
−0.25
 (𝑠𝑖𝑛 𝛼)1.24 ]
0.57
 √𝜌𝐺 
        Total reflux conditions (L/V = 1): 
𝐹𝐺,𝑙𝑝 = [ 0.053 𝜀
2 𝑔 𝑑ℎ𝑔(𝜌𝐿 − 𝜌𝐺) (
𝑢𝐿𝑠
𝑢𝐺𝑠
 √
𝜌𝐿
𝜌𝐺
)
−0.25
 (𝑠𝑖𝑛 𝛼)1.15 ]
0.5
√𝜌𝐺   
 
𝑑ℎ𝐺 =
(𝑏ℎ − 2𝛿𝑠)2
𝑏ℎ
[ (
𝑏ℎ − 2𝛿𝑠
2ℎ )
2
+ (
𝑏ℎ − 2𝛿𝑠
𝑏 )
2
]
0.5
+
𝑏ℎ − 2𝛿𝑠
2ℎ
 
 
 
Fig. F.2.2. Verschoof load point model predictions vs experimental load point data 
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G. Summary of Literature Load point Data and OkState Load point Model predictions 
 
Table G.1.  Summary of Literature Load point Data and OkState Load point Model 
predictions 
Pressure System Packing Beta Load Exp Load Point OkState Load Point 
bar       m3/m2h m/s (kg/m3)0.5 m/s (kg/m3)0.5 
1.018 air/water Montz B1-250 45  5 2.42 3.17 
1.018 air/water Montz B1-250 45 30 1.24 2.03 
1.018 air/water Montz B1-250 60   5 2.59 3.34 
1.018 air/water Montz B1-250 60 30 1.22 2.16 
1 air/water Mellapak 250X 60 25 1.59 2.23 
1 air/water Mellapak 250X 60 50 1.17 1.85 
1 air/water Mellapak 250X 60 75 1.08 1.64 
1 air/water Mellapak 250X 60 100 1.16 1.49 
1 air/water Mellapak 250X 60 125 1.13 1.39 
1 air/water Mellapak 250X 60 150 1.08 1.30 
1 air/water Mellapak 250X 60 175 1.10 1.24 
1 air/water Mellapak 250Y 45      5 2.52 3.11 
1 air/water Mellapak 250Y 45   16 2.33 2.36 
1 air/water Mellapak 250Y 45    32 2.02 1.96 
1 air/water Mellapak 250Y 45    64 1.59 1.61 
1 air/water Mellapak 250Y 45    80 1.36 1.50 
1 air/water Mellapak 500Y 45       5 2.55 2.22 
1 air/water Mellapak 500Y 45     25 1.91 1.39 
1 air/water Mellapak 500Y 45     50 1.40 1.08 
1 Air/Water/Sucrose B1-250M 45     25 2.43 1.56 
1 Air/Water/Sucrose B1-250M 45     25 1.85 1.28 
1 Air/Water/Sucrose B1-250M 45     25 1.17 0.99 
1 Air/Water/Sucrose B1-250M 45       5 3.00 1.98 
1 Air/Water/Sucrose B1-250M 45       5 2.04 1.57 
1 Air/Water B1-250M 45     25 2.00 2.10 
1 Air/Water B1-250M 45        5 3.01 3.13 
1 Air/Water B1-250M 45        3 3.48 3.51 
1 Air/Water B1-250M 45      10 2.99 2.65 
1 Air/Water B1-250M 45       15 2.52 2.40 
1 Air/Water B1-250M 45       20 2.49 2.23 
1 Air/Water B1-250M 45       35 1.98 1.91 
1 MEA B1-250M 45       25 1.90 1.64 
1 MEA B1-250M 45         5 2.54 2.50 
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Pressure System Packing Beta Load Exp Load Point OkState Load Point 
bar       m3/m2h m/s (kg/m3)0.5 m/s (kg/m3)0.5 
1 MEA Flexipac 2Y 45   5 2.50 2.67 
1 MEA Flexipac 2Y 45     25 1.89 1.74 
1 Air/Water Flexipac 2Y 45   3 3.54 3.74 
1 Air/Water Flexipac 2Y 45     10 2.10 2.82 
1 Air/Water Flexipac 2Y 45     15 2.10 2.55 
1 Air/Water Flexipac 2Y 45 20 2.03 2.37 
1 Air/Water Flexipac 2Y 45 35 2.00 2.03 
1 Air/Water Flexipac 2Y 45 25 2.07 2.23 
1 Air/Water Flexipac 2Y 45    5 3.05 3.33 
1 Air/Water/Sucrose Flexipac 2Y 45    5 2.00 1.67 
1 Air/Water/Sucrose Flexipac 2Y 45  25 1.38 1.05 
1 Air/Water/Sucrose Flexipac 2Y 45  25 1.94 1.36 
1 Air/Water/Sucrose Flexipac 2Y 45  25 2.01 1.65 
1 Air/Water/Sucrose Flexipac 2Y 45    5 3.01 2.10 
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H. Literature Liquid Holdup Flooding Model performance using Experimental Liquid 
Holdup Flooding Data 
 
 
H.1. Mackowiak Model [59]: 
𝜆0 = (
𝑢𝐿
𝑢𝑉
)
𝐹𝐿
 
When 𝑅𝑒𝐿  ≥ 2: 
ℎ𝐿,𝐹𝑙
𝑂 =
(√1.44 𝜆0
2 + 0.8 𝜆0 (1 − 𝜆0) − 1.2 𝜆0)
0.4 (1 − 𝜆0)
 [
𝑚3
𝑚3
] 
When 𝑒𝐿 < 2 : 
ℎ𝐿,𝐹𝑙
𝑂 =
(√1.254 𝜆0
2 + 0.48 𝜆0 (1 − 𝜆0) − 1.12 𝜆0)
0.24 (1 − 𝜆0)
 [
𝑚3
𝑚3
] 
 
Fig. H.1. Mackowiak liquid holdup flooding model predictions vs experimental liquid holdup 
flooding data 
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I. Literature Flooding Velocity Models Performance using Experimental Flooding Velocity 
Data 
 
 
I.1. Lockett Model [61]: 
𝑢𝑣,𝑓𝑙 = 𝑐𝑔 (
𝜌𝑙 − 𝜌𝑔
𝜌𝑔
)
0.5
 
𝑐𝑔 = (
𝑁𝑢
𝑑𝑒
)
2
 
𝑑𝑒 = (1 +𝑚 (
𝜌𝐺
𝜌𝑙
)
0.5
(
𝜌𝑙 − 𝜌𝐺
𝜌𝐺
)
0.25
 (
𝐿
𝑉
)
0.5
 
𝑁𝑢 = (1.57 𝑎−0.25  (
𝜇𝑙
𝜇𝑤
)
−0.03
) 
𝑚 = 0.78 exp (0.00058 a) 
 
 
Fig. I.1. Lockett flooding velocity model predictions vs experimental flooding velocity data 
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I.2. Kuzniewska Model [63]: 
 
𝑢𝑔,𝑓𝑙 = 𝐴1𝜖 (
𝑎
𝜖3
)
𝐵1
  
𝐴1 = 𝐴 
(
𝜌𝑎𝜌𝑙
𝜌𝑔𝜌𝑤
)
0.5
(
𝜎𝐿
𝜎𝑤
)
0.25
 (
𝜂𝑙
𝜂𝑤
)
0.02 
𝐵1 = 𝐵 
(
𝑣𝑙
𝑣𝑤
)
0.02
(
𝜂𝑔
𝜂𝑎
)
0.1
(
𝜎𝑙
𝜎𝑤
)
0.15
 
 
 
Fig. I.2. Kuzniewska flooding velocity model predictions vs experimental flooding velocity 
data 
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J. Literature Flooding Data summary without packing surface area information 
 
 
Table J.1. Summary of packing data without packing surface area information 
 
Database Packing 
Effective area,  Void 
s, mm System (Approximated) 
m2/m3 
 fraction, 
ε 
Koch 
[21] 
Gempak 1A 115 96 36 
Air/Water 
Gempak2A 220 95 18 
Gempak 4A 453 91   9 
Flexipac 1 453 91   9 
Flexipac 2 220 95 18 
Flexipac 3 115 96 36 
Flexipac 4 55 98 72 
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J.1. Literature Liquid Holdup Flooding Model performance using Experimental Liquid 
Holdup Flooding Data  
 
J.1.1. OkState Liquid holdup flooding model: 
 
 
Fig. J.1.1. OkState liquid holdup flooding model predictions vs experimental liquid holdup 
flooding data 
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J.1.2. Mackowiak Model [59]: 
𝜆0 = (
𝑢𝐿
𝑢𝑉
)
𝐹𝐿
 
When 𝑅𝑒𝐿  ≥ 2: 
ℎ𝐿,𝐹𝑙
𝑂 =
(√1.44 𝜆0
2 + 0.8 𝜆0 (1 − 𝜆0) − 1.2 𝜆0)
0.4 (1 − 𝜆0)
 [
𝑚3
𝑚3
] 
When 𝑒𝐿 < 2 : 
ℎ𝐿,𝐹𝑙
𝑂 =
(√1.254 𝜆0
2 + 0.48 𝜆0 (1 − 𝜆0) − 1.12 𝜆0)
0.24 (1 − 𝜆0)
 [
𝑚3
𝑚3
] 
 
Fig. J.1.2. Mackowiak liquid holdup flooding model predictions vs experimental liquid 
holdup flooding data 
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J.2. Literature Flooding Velocity Models performance using Experimental Flooding 
Velocity Data 
 
Table J.2.1. Summary of literature flood velocity model performance using experimental 
flood velocity data (Table J.1) 
Model 
Average 
Mean Absolute Relative Error, 
% 
OkState 17.4 
Lockett 32.6 
Kuzniewska 17.4 
 
𝑀𝐴𝑅𝐸,  % =  
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐹𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)
(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)
 𝑋 100 
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J.2.1. Lockett Model [61]: 
𝑢𝑣,𝑓𝑙 = 𝑐𝑔 (
𝜌𝑙 − 𝜌𝑔
𝜌𝑔
)
0.5
 
𝑐𝑔 = (
𝑁𝑢
𝑑𝑒
)
2
 
𝑑𝑒 = (1 +𝑚 (
𝜌𝐺
𝜌𝑙
)
0.5
(
𝜌𝑙 − 𝜌𝐺
𝜌𝐺
)
0.25
 (
𝐿
𝑉
)
0.5
 
𝑁𝑢 = (1.57 𝑎−0.25  (
𝜇𝑙
𝜇𝑤
)
−0.03
) 
𝑚 = 0.78 exp (0.00058 a) 
 
 
Fig. J.2.1. Lockett flooding velocity model predictions vs experimental flooding velocity data 
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J.2.2. Kuzniewska Model [63]: 
 
𝑢𝑔,𝑓𝑙 = 𝐴1𝜖 (
𝑎
𝜖3
)
𝐵1
  
𝐴1 = 𝐴 
(
𝜌𝑎𝜌𝑙
𝜌𝑔𝜌𝑤
)
0.5
(
𝜎𝐿
𝜎𝑤
)
0.25
 (
𝜂𝑙
𝜂𝑤
)
0.02 
𝐵1 = 𝐵 
(
𝑣𝑙
𝑣𝑤
)
0.02
(
𝜂𝑔
𝜂𝑎
)
0.1
(
𝜎𝑙
𝜎𝑤
)
0.15
 
 
 
Fig. J.2.2. Kuzniewska flooding velocity model predictions vs experimental flooding velocity 
data  
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J.2.3. OkState Flood velocity model: 
 
 
Fig. J.2.3. OkState flooding velocity model predictions vs experimental flooding velocity 
data 
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